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PREFACE TO THE FOURTH EDITION 


This book appeared in successive editions in 1943, 1945 and 1955. 
Each time it was enlarged but the text was essentially based on 
that first written in 1943. Within twenty-three years the subject has 
developed so much that producing this present edition has had to 
involve rewriting the text completely. 

The chief purpose of this book is to introduce the theory and prac- 
tice of vacuum to students of science and technology at undergradu- 
ate and immediate post-graduate levels. A knowledge of elementary 
physics and introductory kinetic theory has been assumed, but most 
of the text could readily be understood by a reader without this back- 
ground. The emphasis is on the apparatus and methods more likely 
to be encountered in the college rather than the industrial laboratory, 
in that applications of vacuum have been largely ignored in favour of 
dealing with fundamental principles. However, the importance of in- 
corporating into educational practice the ideas involved in recent 
industrial methods has been considered throughout the text. 

The final chapter gives data on miscellaneous materials, processes 
and devices frequently encountered in vacuum technique. This is of 
necessity far from complete; it is included because of the importance 
of this kind of information to the college or industrial research 
worker. 

Sincere thanks are due to Mrs Angela Williams for typing the 
manuscript and to Mr Ronald Dewar who drew most of the 
diagrams. 


J. YARWOOD 
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NOTE 


The umt of pressure used throughout this book is the torr The torr 
IS equal to the milUmetrc of mercury (mm Hg) to within 1 part m 
7x10* 

1 Standard atmosphere = 760 torr 
1 micron (fim) of mercury = 10"® torr 
1 microbar I dyne per sq era = 0 75 x 10"® torr 



CHAPTER ONE 


THE PRODUCTION OF VACUA 


1.1. Introduction 

The standard atmospheric pressure (atm) is 760 millimetre of mercury. 
In this text, the term torr will be used as the unit of pressure, equal to 
1 millimetre of mercury (mm Hg). A perfect or absolute vacuum im- 
plies the unrealizable state of space entirely devoid of matter. For 
practical purposes, the term ‘vacuum’ may be used to denote roughly 
gas pressures below the standard atmospheric pressure, i.e. below 
760 torr. To be more specific. Table 1.1 shows the accepted termin- 


TABLE 1.1 

Degrees of vacuum and pressure ranges 


Degree or quality of vacuum 

Pressure range in torr 

Coarse or rough vacuum 

760 to 1 

Medium vacuum 

1 to 10-® 

High vacuum 

10-3 to 10-3 

Ultra-high vacuum 

<10-3 


ology in denoting degrees of vacuum and the pressure ranges con- 
cerned. 


10 torr = torr/ 1,000 = millitorr (mT) or micron ((im) 
10“® torr = torr/1,000,000 = microtorr ([aT) 


Pressure is force per unit area. In the centimetre-gram-second 
(c.g.s.) system of units, the unit of pressure is consequently the dyne 
per sq cm, i.e. dyne/cm^ or dyne cm"^. This unit is also known as the 
microbar. 


So, 


1 torr = 1 mm Hg = OT x 13’6 x 981 dyne cm~® 

= 1333 microbar 

10“ ® torr = 1 millitorr (mT) = 1 micron of mercury 

= 1'333 microbar 


1 microbar = 1 dyne cm“® = 0-75 x lO-^ torr 
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In the metre kilogram second (m k s ) system of units, the unit of 
pressure is the newton per sq metre, i c newtoo/m® or newton m ® 

1 newton = 10® dyne, and 1 m“ = 10* cm® 

1 newton m * = 10®/10* = 10 dyne cm“* = 10 microbar 

= 0 75x 10 ® torr 

1 torr = 133 newton m“® 

In France, the newton per sq metre (newton m ®) is frequently 
called the pascal Thus, 

1 torr = 133 pascal 
and 

1 pascal = 75 millitorr 


When gas is removed from a vessel by some means of pumping, the 
gas pressure m the vessel falls, the number of molecules per unit vol 
ume m the vessel decreases, and the average separation between the 
molecules increases For an ideal ps, the pressure, p, and the number 
of molecules per unit volume, n, am related by the equation 


p = »kr 


0 i) 


where Fis the absolute temperature and k is Boltzmann’s constant 
At a given temperature, therefore, the number of molecules per unit 
volume IS directly proportional to the pressure 
In relation to the average separation between the molecules, a most 
useful quantity is the mean free path (m f p ) This is defined as the 
average distance a molecule travels, at the prevailing pressure, be- 
tween successive collisions with other molecules Let d be the dia- 
meter of a molecule If two molecules approach to within a distance 
d between their centres, we may say they have colhdcd This is equiva- 
lent to denoting the target area of a molecule as ird* If there are n 
molecules per umt volume, and the number within a volume of cross- 
sftrctYwni-Mti S ani’angibi LY»7iSL,\bim 'ic/aVtafigiiV meats 
When 7Tc/®n5L= 5, the target formed by the molecules fills the whole 
area 5, so that no molecule can traverse a distance L wthout making 
a collision The value of I. which makes ■rrd^nSL=S \% 


■ndm 

which therefore should give the m f p , L 
However, m this simple deduction, it is assumed that a molecule of 
a given velocity is traversing the ^ and the other molecules are at 
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rest. Clausius made a first approximation to the real case and im- 
proved the theory by assuming that all the molecules move with the 
same velocity. He obtained the result 

L = -J- 


However, there is a Maxwellian distribution of velocities amongst 
the molecules, which, when taken into account, modifies this result to 


^ ^,/2^Td^n 


( 1 . 2 ) 


where L is the m.f.p. 

At a given temperature T, equation (1.1) shows that n is propor- 
tional to p. Therefore, for a given type of gas of constant molecular 
diameter d, 

L = kIp (1.3) 


where /; is a constant. So the m.f.p. is inversely proportional to the 
pressure at constant temperature for a given gas. 

For nitrogen (and hence approximately for air), a useful practical 
form of equation (1.3) is 

L = Sjp cm (1.4) 


where p is the pressure in millitorr. 

Thus, for air at 1 torr, L is 5 x 10“® cm; at 10"® torr, it is 5 cm; 
and at 10“® torr, it is 5,000 cm. 

The m.f.p. is a most valuable concept because it gives a measure of 
how readily, or otherwise, particles will travel through the gas. In the 
passage of electrons through a gas, the m.f.p. for an electron will be 
longer than for a molecule, because the electron is vanishingly small 
compared with the molecule. The m.f.p., Le> for an electron passing 
through a gas is given by 


Le = 4V2L = 5-66L (1.5) 

L being the m.f.p. of the molecules. It follows from equation (1.5) 
that for electrons in attenuated air 


L, 


5 X 5-66 28-3 

— - — cm = cm 

P P 


In an electron tube in which the residual gas pressure is, say, 10"® 
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torr, assuming this gas is nitrogea (which, in fact, is not usually the 
case), the jn f p of the electrons will be 

i. = ^ = 2830cm 

Consequently, the electrons can travel between electrodes, say 

5 cm apart, wth a small probabihty of colliding with gas molecules, 
and hence there is little ionization of the gas 

It IS, however, stressed that Land are mean values In the deriva- 
tion of L as a mean value leading to equation (1 2) the target area, 
•nd^y of any one molecule is raulliplied by rt, the number of molecules 
per umt volume, to give mPn as the cross sectional target area per 
unit volume llus assumes a uniform distribution of molecules within 
a given volume In reality, because of molecular chaos, the free path 
of individual molecules vanes from zero to infinity, and it can be 
shown that 

«» » ne (1 6) 

where is the number of those molecules in unit volume (containing 
n molecules) able to traversed distance / in the gas without coUision, 
Iisihera fp , and CIS theexponeDtiaIbase271828 For example, m 
the case of electrons m nitrogen at a pressure of 10 ^ torr, the fraction 
/ of the number of electrons able to travel fl distance of, say, 2 cm un- 
obstructed by gas molecules is 

/ « njn = = c-° « 0 9993 

This is almost all the electrons, there is, nevertheless, a fraction, 
0 0007 (1 —0 9993), which does make colhsions, and this may well be 
significant 

Under static pressure conditions, the molecules of a permanent gas 
have random kinetic motion m all directions, with an average velocity 
V given by 



where k is Boltzmann’s constant, R is the universal gas constant, T is 
the absolute temperature, m is the mass of a molecule, and M is the 
molecular weight For mtrogen at 7’^300'’K, substituting R= 
8 317 X 10'^ erg per degC per mole, and A/=28, 

//8xg317xl0’x300\ , „ 

‘=Vl )=48xl0*cmseo ■ 
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The rate at which gas molecules impinge on unit area of a boundary 
in a gas is often important in vacuum practice, because the molecules 
may stick to or condense on the boundary; further, it will decide the 
rate at which the molecules can traverse an aperture in a solid boun- 
dary (section 3.2). A result from-Knudsen’s work in the kinetic theory 
of gases is that 

N — ^nv (1.8) 

where n is the number of molecules per unit volume in the gas, and N 
is the number of these molecules which impinge on unit area of a 
boundary in the gas per sec. Here it is assumed that the m.f.p. of the 
molecules is greater than the dimensions of the gas enclosure con- 
cerned, i.e. the gas is in the region of the so-called molecular pressures 
which, generally speaking, prevails below 10"^ torr. 

Substituting for v from equation (1.7), and for n from equation 
(1.1), equation (1.8) becomes 



Putting k=R/N, where R is the gas constant per mole, and N is 
Avogadro’s number, this equation becomes 


V(2^MRr) 

Substituting N=6’025x 10®^, R=8'317xl0^ erg per degC per 
mole, r=293°K (20°C), and M=l% for nitrogen, 

„ 6-025 X 1023/7 

^ V(27r X 28 X 8-317 xlO’^x 293) 

= 2-9 X 10^2 p (impacts cm"^) 

At a pressure of, say, 10"® torr, equivalent to 1-333 x lO-® dyne 
per sq cm, the number of molecular colhsions per sec with a boun- 
dary of area 1 sq cm is therefore 2-9 x 10" x 1-333 x lO'^, i.e. 
3-86 xlO^^ 


VACUUM PUMPS 

Pumps for the production of vacua may be roughly divided into two 
classes: (a) those which pump air or gas from a vessel which can be 
at atmospheric pressure initially ; (b) those which can only begin to 
operate below a certain pressure considerably less than atmospheric. 
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and hence require a fore*Tacuain (also known as a backing yacuum) 
Within this broad classification, there is a wide variety of types, but 
the most commonly encountered ones within category (o) are the 
water'jet pump, the oil-sealed mechanical pump, and the sorption 
pump, and within category {b), the vapour pump, the molecular drag 
pump, the Roots pump, the getter-ion pump, and the erjopump In 
general, in a vacuum system able to produce pressures below 10"® 
torr, the most common arrangement is a pump of the oil-sealed 
mechanical type backing a vapour pump The former discharges to 
the atmosphere, and the vapour pump in senes discharges to a back- 



ing vacuum created by the mechamcal pump A second arrangement 
currently of increasing populanty is a sorption pump as a backing 
stage to a gettcr-ion pump 

The speed of a pump is measured at a given pressure and equals the 
volume of gas pumped from a vessel in unit time at that pressure, 
where the volume is measured at the pressure (see also section 4 1) 

1 2 The Water-jet Pump 

Water supply from a fast ruiuung tap is fed through thick-walled 
rubber tubing into the connection at A (Fig 1) This water stream 
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emerges at high speed from the converging jet at B. This jet is sur- 
rounded by a cone to prevent splashing and also to guide the water- 
stream down to waste at C. A side-tube, D, is connected (usually by 
rubber pressure tubing) to the vessel to be evacuated. Molecules of 
nitrogen and oxygen in the region of B are trapped by the liigh-speed 
jet and forced into the atmosphere; these molecules are replaced by 
further ones from the vessel undergoing pumping, and so on. By this 
means, a vacuum is created which is limited chiefly by the saturated 
vapour pressure of water, which is 17-5 torr at 20°C. The use of a 
drying agent (silica-gel or phosphorus pentoxide) placed in a suitable 
container within the tube connecting the pump to the vessel enables 
lower pressures to be obtained, but with a glass pump the h'mit is 
about 5 torr. The pumping speed is of the order of 1 -2 litre per min at 
a pressure of 10 torr for a glass pump, but steel, and also plastic, 
water-jet pumps of superior performance and robustness arc com- 
mercially available. For example, Edwards High Vacuum Ltd. mar- 
ket water-jet pumps having stainless steel jets and either a metal or 
plastic body, which provide a pumping speed of 3-5 litre per min, 
when the water pressure supplied is 20 lb per sq inch. One of these 
pumps will evacuate a vessel of 5 litre volume to an ultimate pressure 
of about 12 torr in 12 min. 

1.3. Oil-sealed Mechanical Pumps 

There are several designs, but they have the common property that 
an electric-motor-driven rotating cylinder or plunger sweeps the gas 
from a region A, and discharges it to a region B which is usually at 
atmospheric pressure. A gas-tight seal is continuously effected be- 
tween A and B. The first practical vacuum pump of this type was 
designed by W. Gaede [1] and marketed by Leybold’s Nachfolger in 
Germany in 1910. This was a rotary vane pump; the principle of 
operation is illustrated by Fig. 2(a). A modem version, typical of the 
Edwards High Vacuum Ltd. ‘Speedivac’ series of pumps, is shown 
in Fig. 2(b). 

The rotor, which consists of a solid steel cylinder (Fig. 2fl), rotates 
on an axle inside a cylindrical steel stator. The drive to the central 
rotor axle is by means of a pulley-coupled electric motor. A and B are 
the intake and discharge ports respectively, i.e. the container being 
evacuated is joined to A and the air is sucked from it and discharged 
to the atmosphere at B. Over part of the area about the top-most 
point of the stator, there is a minimum clearance between the rotor 
and stator surfaces of about 0'002 inch. The rotor is driven about its 
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axle in the direction indicated by the arrow. Two vanes or blades, C 
and D, are inserted in diametrical slots in the rotor. The outside edges 
of these vanes are forced against the inside wall of the stator by means 
of central springs. The surfaces of the rotor and the stator are ground 
to a high degree of precision. The assembly is immersed in oil in 
the pump casing; tliis oil acts as a seal and as a lubricant. 

As the rotor rotates, the leading edge L of one of the vanes, C, 
passes the junction between the stator and the intake port. Sub- 
sequently during the rotation, the volume behind this vane ex- 
pands, so the pressure at the intake decreases. Whereas the crescent- 
shaped volume V in front of this vane begins to decrease after the 
leading edge M of the opposite vane, D, passes the discharge outlet, 
i.e. during a half revolution the gas in volume V is decreased. When 
the leading edge L of vane C in turn reaches the junction to the dis- 
charge outlet, the gas will be compressed to a minimum residual 
volume. At this volume, its pressure is high enough to force open the 
one-way valve in the discharge outlet against the pressure created by 
the small retarding force of the valve, the small head of oil above the 
outlet and the pressure of the atmosphere. Hence, in each revolution, 
the outlet valve opens twice : once when leading edge L passes it and a 
second time on the passage of M. Each time, a volume of gas, defined 
by the maximum volume V enclosed to one side of the vanes between 
the rotor and the stator, and at the pressure at the intake, is com- 
pressed and swept out into the atmosphere. If tlie number of revolu- 
tions per minute is n, 5'^, the free air displacement of the pump, which 
is its speed at atmospheric pressure, is given by 

Sii — 2«F litre min“^ 

where V is in litre. 

The outlet valve to the discharge port may be of various designs: 
in small pumps a simple steel blade or a neoprene flap is common; 
larger capacity pumps frequently have a spring-loaded ball outlet 
valve. 

As the pumping speed is quoted at the pressure prevailing at the 
inlet, it would be expected that this speed were constant irrespective 
of the pressure, because V is constant. However, as the lower pres- 
sures are attained, there is in effect a leak of gas into the pump. This 
is due to : the small but necessary minimum clearance between the 
rotor and stator; the finite though very small minimum swept volume 
between the rotor and stator; the vapour pressure of the oil; and the 
fact that this oil tends to decompose into gases, especially at localized 
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higher temperature spots m the pump These factors will result jn the 
pumping speed falling below the free air displacement at pressures 
below about 10 torr, eventually to become zero at the ultimate pres- 
sure (the lowest pressure the pump a able to ottain), svhich is 10 ’ 
torr approximately 

A lower ultimate pressure of approximately 10’* torr can be 
achieved by using two such pumps in senes, the discharge outlet of 
the first being connected to the miaVc of the second and the discharge 
of the second being to the atmosphere The typical characteristic of 
pumping speed against pressure for a single stage pump is shown in 

Fig 3 Superimposed on Ihcsamcaxev IS that ofatwo stage model of 



rig 3 FitmpinB speed against pressure chaiacteitsUcs of a smgtc-stafe and a 
two-sUge oil-sealed rotary pump 


the same free flir displacement but considerably lower ultimate Tw'o- 
stage models arc commercially available where the interconnected 
stages have a common axle driven from the stme motor and are 
immersed m oil m a single housing (Fig 4) 

Among the several altcrmtive types of mechanical rotary pump, 
one frequently encountered is a model originated by the Central 
Scientific Co in America Their *Ccnco-llyvac* design is illustrated 
m prinaple by Fig 5 It utilizes a single spring loaded vane bearing 
on the surface of an ccccntncally-mountcd rotor inside the stator, its 
mode of operation can be easily deduced as it is basically similar to 
the two-vane type already described A second alternative, the 
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rotating plunger pump ts, houever, considerably dificrcnt in operation 
and IS a popular model in the larger sizes Indeed, the rotary vane 
pump IS not generally built m sizes exceeding a free air displacement 
of 3,000 litre per mm, \shercasrotatingplungerpumps ofconsiderably 
greater displacements are made 

This rotating plunger pump (Fig 6) was introduced in Amcnca by 
the Kinney Manufactunng Co Instead of making use of vanes, it has 
a tube, F, of rectangular cross section which is a sliding fit m a small 
auxiliary cylinder and connects the intake port to the rotor or plun 
ger Tlus plunger is mounted ecccntncally about the motor-driven 

iNTAKt roRr 



Fig 5 Principle of the Cenco-Hyvac mechanical rotary pump 


revolving axle E and is in two parts the inner drum C rotates about 
the axle E, but the cylindrical shell D is a sliding fit on C and, because 
It IS attached ngidly to the inlet sliding tube F, will not rotate w ith C 
but undergoes a ‘rocking’ motion, whereby the point G, at which 
there is close contact between the plunger and stator, sweeps round 
the inner wall of the stator 

As the plunger moves m the direction of the arrow, it rapidly 
creates extra space at A into which is admitted some of the gas from 
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stages jn parallel) Pumps wjth displacements below 200 hire per min 
arc usually oil immersed patterns, i c the rotor-stator assembly is 
entirely within a low vapour pressure oil in a metal box housing 
larger pumps generally have a conitnuously-circulatcd oil feed from 
a separate reservoir, the feed rale being adjustable Further, the large 
models arc often water cooled 

1 4 The Gas Ballast Pump 

The mechanical rotary pump operates by compressing the air or gas 
and exjjclling it into the atmosphere If the compression ratio, defmed 
as the ratio of the maximum to the minimum swept volume, is C, and 
free water is present at the intake port at, say, 20’C, so that it exerts 
Its saturated vapour pressure of 17 5 torr, this pressure will tend to 
increase to 17 5C torr during compression The pump will run warm 
during operation at about CO^C, at which temperature the saturated 
vapour pressure of water is 150 lorr Jf therefore C exceeds 150/17 5 
(i e 8 6), water will condense The resulting liquid, together with the 
gas, will be expelled through the discharge v alve, mix vv ith the oil, and 
evaporate ogam mlo the vessel connected to the intake port , the total 
pressure produced w ill be seriously increased In the nonnal mechani- 
cal pump, the larger the value of C the belter from the point of v lew of 
creating a v acuum, if the gases concerned are permanent , but, if con- 
densable vapours arc present, serious problems of oil deterioration 
result With an intake pressure of I torr, C will have to exceed 760 to 
discharge the compressed gas to the atmosphere 

There arc various ways of coping with this problem of condensable 
vapours at the pump intake One of the most useful and certainly the 
most ingenious is due to W Gaede [2] and was fust adopted in pumps 
marketed by Leybold s Nachfolgcr of Cologne, Germany This is the 
use of gas-ballast Nowadays, almost all commercial rotary pumps 
are provided with this facility 

In the provision of gas ballast on a mechanical pump, condensation 
of water (and other vapours) is greatly reduced by admitting air from 
the atmosphere to the pump via a one-way gas ballast valve of the 
ball type, at a suitable tunc in the revolution of the rotor The ratio 
by which the air-vapour mixture is compressed is thereby reduced to 
between 6 1 and 10 1 Then, if water vapour enters the pump intake 
at less than SO^C (saturated vapour pressure of vvater=32 torr), 
whereas the pump intenor is at 60®C (vapour pressure »= 1 50 torr) or 
more, the water docs not condense at all, but is discharged as vapour 
with the permanent gases throu^ the outlet valve of the pump This 
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gas-ballast also helps by maintaining a rather higher pump interior 
temperature of about 70°C. 

The now severely-limited compression ratio, C, means, of course, 
that the ultimate pressure provided by the pump is considerably 
higher. Indeed, for a single-stage pump, it is increased at least a hun- 
dred-fold, from about 10”^ to 1 torr or more. However, the air inlet 
via the gas-ballast valve can be reduced by simply screwing-in the 
valve. In many practical cases, water vapour is present chiefly in the 
initial stages of pumping. Therefore, full gas-ballast is applied when 
pumping is begun. The water vapour present is largely removed, and 
finally the gas-ballast valve is shut, so the full compression ratio, and 
hence the ultimate pressure of 10“^ torr, is attainable. In two-stage 
mechanical pumps, only the backing stage to the atmosphere is gas- 
ballasted. The ultimate pressure is then not so adversely affected. 
Typically, a two-stage pump with full gas-ballast will attain 10“^ 
torr, which is reduced to about 5x 10"^ torr when the gas-ballast 
valve is closed. 

To admit the ballast air to the pump (dry air is desirable, otherwise 
more ballast air is needed ; in a laboratory where the relative humidity 
is high, a simple drying tube in the air inlet is good practice) at the 
correct time in the operating cycle of the pump rotor, the air inlet to 
the ball valve is adjustable by a screw (Fig. 7). Consider the position 
of the leading vane A. The gas-ballast inlet is open. Evacuation occurs 
over the part of one revolution from positions 1 to 2, because, when 
this vane is at 1, the space between the rotor and stator below the 
vanes is isolated from the intake port, and the space behind this vane 
A increases in volume. When the leading vane A arrives at position 2, 
Jiowever, the rear vane B is at position I, so that the space behind the 
leading vane A becomes isolated from the intake port. During the 
part of the rotation from 2 to 3, this isolated gas is not compressed, so 
the ball in the gas-ballast inlet valve is down, i.e. this valve is open, 
because the atmospheric pressure acting on the ball exceeds the pres- 
sure of the isolated gas-vapour mixture in the pump. As rotation of 
A continues beyond 3, the isolated gas and vapour, and also the air 
admitted via the gas-ballast valve, are compressed ; this forces the ball 
upwards, so that the gas-ballast valve is closed, and consequently the 
discharge valve opens to release the gas-vapour mixture to the atmos- 
phere. It is thus ensured that the gas is not simply re-expelled through 
the gas-ballast inlet. The discharge valve is now opened cliiefly by the 
pressure due to the ballast air and not the air from the vessel which 
has passed through the pump; hence the partial pressure of the 
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vapour m the mixture does not attain the saturated value, so con- 
densation does not occur 

Though condensable vapours may be satisfactorily removed from a 
container by gas ballast pumps, those vapours which react chemically 
with the pump oil or metal parts should be avoided 
Typical pumping speed against pressure characteristics for a single- 
stage rotary pump with and without gas ballast arc shown in Fig 


•a «•! 



Fig 7 Operation of gas ballast on a rotary pump 


8(a), the accompanying Fig 8(6) shows the adsantage gamed by 
using gas ballast when evacuating a mild steel vessel E\tn though 
such a container is superficially dry inside, v. ater x apour is m% anably 
released by the walls and this is only removed some time after using 
the gas ballast vah e Only then docs the total pressure as recorded by 
a thermocouple gauge (section 2 4) become equal to the partial pres 
sure of the permanent gas as measured by a McLeod gauge (section 
23) 

There is, as xvould be expected, a limit to the rate at which a gas- 
ballast pump can pump a vapour without the pump oil becoming 
contaminated 
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0 2 4 6 e 10 12 M 16 18 20 

(6) Time in minutes 


Fig. 8. (a) Pumping speed against pressure characteristics for a single-stage 
mechanical pump with and without gas-ballast, (b) Pressure-time curve 
obtained on pumping a steel vessel. 

To calculate this rate (Power and Kenna [ 3 ]), it is assumed that 
vapour alone is being pumped, and, at the limit, the ballast air just 
becomes saturated with vapour at the pump temperature, TfK, as 
the discharge outlet valve begins to open. This opening of the valve 
will occur at a pressure, p^, somewhat above atmospheric pressure. 



18 Ihgh Vacutan Technique 

usually ipkcn to be 900 torr The mass per mm of emerging \apour 

IS then 

ypp* Tj 
P,-Po Ti 


at atmospheric pressure where p, is the saturated pressure, in torr, 
of the vapour being pumped nt the temperature T,, 7*| js the room 
temperature, is the volume of air, in litre per mm at atmospheric 
pressure, which enters the gas ballast valve, and p is the density of 
this vapour in gram per litre at the temperature Ta and pressure p^ 
This will equal the maximum safe throughput (?, of vapour m gram 
per min, i e 


ypPt 
(P.-P,)T, 


0 10 ) 


Typical values for Tt and Ta arc 293“K (20*C) and 543“k (70’C) 
respectively For water vapour, p, is 234 torr at 70’C, so(p,-Pt) is 
666 torr Putting p,=760 torr, equation (I 10) becomes 


^ pKx760 x 343 
666x293 


33pFgrammin ’ 


An approximate value for p. the density of water vapour, at 343 K 
and 234 torr, can be evaluated by assuming water vapour to be an 
ideal gas and making use of the fact that 22 4 litre at 760 torr and 0”C 
has a mass of 18 gram (the gram molecular weight) On this basis, 
P IS 02 gram per litre, so that 

Q, = I 33 x 02V * 027K gram mm** 

The dry air How with the ballast valve fully open is about 10% of 
the free air displacement of the pump A pump with a displacement 
of 1,000 litre per mm will therefore have a maximum air ballast flow 
of 100 litre per mm The maximum allowable amount of water vapour 
It can pump at 70*C is therefore 

Qr — 027x 100 = 27 gram mm~* 


1 5 Vapour Pumps 

In attempting solutions of the problem of creating a vacuum, the 
possibility exists of driving gas from one region A to another B by 
means of a swiftly moving stream of vapour Thereby, a pressure 
gradient may be established m the gas, so that its pressure at A, pf,, is 
considerably less than the pressure at B, ps Here, p is the partial 
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pressure of the gas being pumped and does not include the pressure 
of the vapour in the stream. 

Under static pressure conditions, the molecules of a permanent gas 
have random kinetic motion in all directions with an average velocity 
V, given by equation (1.7), which, for nitrogen at 300°K (27°C), was 
shown to be about 500 metre per sec. 

To drive these molecules, of average speeds of about 500 metre per 
sec, in a preferred direction therefore requires a high velocity vapour 
stream. Indeed, a suitable liquid - the pump fluid - must be heated to 
such a temperature that its vapour issues, from a nozzle or jet, as a 
stream in which its molecular velocities are predominantly in a given 
direction, from A to B, and in which these velocities exceed con- 
siderably the mean kinetic speed of the gas molecules, i.e. in the 
supersonic region. Furthermore, this pump fluid must be prevented 
as far as possible from entering the chamber connected to A, 
otherwise it will contribute its vapour pressure at the prevailing tem- 
perature to the low pressure created. Apart from designing the pump 
so that the vapour stream travels from A to B, and with as little back- 
streaming as possible in the opposite direction, i.e. from B to A, it is 
also necessary, as back-streaming cannot be completely eliminated, 
either to have a pump fluid with a very low vapour pressure and/or to 
reduce or prevent back-streaming by a baffle or trap. 

The problem has been successfully solved in the widely used vapour 
pumps. Two main classifications of this type of pump are vapour 
diS'usion pumps and vapour ejector pumps. There are also pumps which 
are combinations of these and, further, those in which both diffusion 
and ejector actions occur. Possible pump fluids are mercury, low 
vapour pressure oils, and steam. The last of these is successfully used 
in steam-ejector pumps, which have fairly widespread application in 
specialized branches of engineering where large displacements at 
pressures down to 0. 1 torr or lower in a multi-stage system are needed. 
However, they require a steam supply at a pressure of some 60 lb per 
sq inch, so are outside normal laboratory practice and will not be 
further discussed here. There is also the possibility of a pump em- 
ploying the vapour of a metal other than mercury, but the problems 
of heating the metal, choosing a metal of low chemical reactivity, 
condensing the vapour, and arranging recirculation controllably in 
suitable regions of the pump have so far precluded satisfactory de- 
velopment. 

The most important vapour pumps are thus the mercury diflusion 
pump; the oil diffusion pump, the mercury ejector pump^ and the oil 
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ejector pump A clear distinction between the dilTusion and ejector 
principles is needed, but, before considering this, a descnption of a 
simple mercury diffusion pump forms a useful introduction to the 
ways in which a continuous supply of vapour is obtained 

Vapour pumps made of glass are frequently used m the laboratory 
and can be constructed by a skilled glass blow cr, but the modem ten- 
dency IS to use commercial metal pumps w i th their considerably better 
performance 

In all the vapour pumps, the discharge is to a backing space at a 
maximum pressure of 10“* lorr or above, depending on the design 
The vapour pump therefore requires to operate relative to a backing 
pump , the mechanical rotary pump is most frequently used for this 
purpose In general, the vapour pump is the choice when it is needed 
to obtain enective pumping speeds at pressures below 10’* torr, but 
there is an increasing number of alternatives, especially the gettcr-ion 
pumps (section 1 14) So the common vacuum system has a vapour 
pump backed by a scnes-conocctcd backing rotary pump 

1 6 The Meratry Diffusion Pump 

A simple single-stage mercury diffusion pump made of borosilicatc 
glass (Fig 9) has a discharge outlet (o the backing pump, its intake 
port ts connected to the vessel being evacuated This vessel is first 
pumped by the backing pump, through this diffusion pump, before 
the mercury m the boiler is healed The mercury is then boiled at the 
backing pressure (10" ‘ torr or below) by seating this boiler in an ex- 
ternal electnc heater The mercury vapour creates a pressure of a few 
torr in the boiler and mercury vapour streams up the central tube T 
(the pump chimney) to impinge on the reflecting *umbrella*-shaped 
cone C The reflected mercury atoms then travel swiftly, and in 
quantity, dowm the annular lube D The pump nozzle through which 
this mercury stream emerges is at N The pump is surrounded by a 
jacket through wluch cooling water flows continuously, so that the 
downward stream of mercury finally condenses against the walls near 
the bottom of the tube D and returns to the boiler via tube U. This 
tube is U shaped so that the liquid mercury collecting in it prevents 
direct contact between the backing space and the higher pressure m 
the boiler 

The gas molecules m the space A above the nozzle are moving ran- 
domly in all directions with no one direction preferred, m the absence 
of the mercury vapour stream However, when the mercury vapour 
stream is on, below N within the annular space atoms of mercury 
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having velocities of several hundred metre per sec in the downward 
direction will collide with gas molecules and impart to them velocity 
components directed towards the backing space region. Gas molecules 
so directed away from the jet will create voids into which move mole- 
cules from the intake port and so from the vessel. This preferred 
direction imparted to the initially randomly-moving gas molecules 
establishes a pressure gradient in the pump, whereby the permanent 
gas pressure in the vicinity of A can readily be much less than that in 


Intake port 



Fig. 9. A simple mercury diffusion pump. 


the backing space B. Hence, the vessel connected to the intake port 
can be evacuated to a permanent gas pressure of 10"° torr or very 
much lower, where the backing pressure is 10"^ torr or below. 

The first mercury diffusion pump was made in 1915 by that great 
genius of vacuum technology, W. Gaede [4]. His pump needed a care- 
M regulation of the mercury vapour temperature (indeed, study of 
his original pump is convincing evidence of his experimental prowess 
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because one ^^on<lcrs uhy it worked at all!) But wjthin a year 
I Langmuir [5] had introduced Ihc uater*jackct to condense the 
returning mercury and correspondingly stop the tendency of the mer 
cury \apour to stream back mto the %csscl being exhausted The tern 
peralurc of the mercury >apour was thus rendered much less critical, 
however, the rate of heating Ihc mercury in iJic boiler is an important 
factor in determining the backing pressure required for satisfactory 
operation Too slow a heating will require a low backing pressure 
whereas too fast a heating will send the mercury vapour undesirably 
into the upper parts of the pump lube to the vessel To obtain satis 
factory condensation, Che diCTusion nozzle must be inside the water 
jacket, and the length of the pump must be great enough to prevent 
any appreciable amount of permanent gas from diffusing back 
against the directed mercury vapour stream 
At 20*C, the saturated vapour pressure of mercury is I 2x 10 ’ 
torr This means that the roraf gas pressure m the vessel connected to 
the intake port of a mercury diffusion pump cannot be less than about 
10 ^ torr, unless a technique is used to prevent even minute amounts 
of mercury vapour reaching the vessel The permanent gas pressure 
(t< due to noti-condensable gases) can nevertheless be 10 *torror 
much lower The usual remedy is to install a cold trap between the 
vessel and (he intake port of the mercury diffusion pump Designs of 
cold trap are considered in section 1 11 Cold traps may be cooled 
with solid carbon dioxide made into a sludge with acetone or tn 
chlorethylcnc (temperature or cooled with liquid aif 

(—183*0) Of liquid nitrogen (-196*0 At -78*C, the saturated 
vapour pressure of mercury js 3 x 10 * torr, which appears satisfac 
tory, except that water v apour is almost invariably present during the 
pumping and has a vapour pressure of SxI0~* torr at — 78*C 
Therefore, liquid air is much preferred, though liquid nitrogen is 
superior, because liquid air tends to become primanly liquid oxygen 
and thus there is & risk of fire and violently explosive reactions w ith 
oils and greases At — 183*C, (he vapour pressure of mercury is esti 
mated to be some 10 torr, and that of water is also vanishingly 
small 

1 7 Outline of the Theory of Action of the Vapour Pump More 
Adianced Designs 

In the vapour pump, the essential action is that a stream of the pump 
fluid vapour emerges from a nozzle and expands into a pump casing 
(initially evacuated to a backing pressure), on the cooled walls of 
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which it is condensed. This vapour, streaming in the direction to- 
wards the pump discharge outlet, at backing pressure, imparts mo- 
mentum in this direction to the gas molecules, so creating a pumping 
action and establishing a pressure gradient in the gas between the in- 
take aperture at high vacuum and the discharge outlet at backing 
pressure. In addition, this vapour stream creates a ‘seal’ across the 



pump which prevents gas molecules from diffusing from the backing 
region back towards the intake aperture. Fig. 10 illustrates the basic 
teatures of a vapour pump. 

It IS necessary to establish that momentum can be imparted to the 
f required direction, so as to cause pumping, and 
so that the seal’ effect across the pump is obtained, 
oth these requirements demand that the velocity of the molecules 
m me vapour stream emerging from the nozzle exceeds the average 
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molecular %cloc>ty dcttrmmcd by the temperature of the vapour 

before emerging from the nozzle 

The average velocity of a molecule at absolute temperature T is 
given by equation (I 7) as 



But py=RTand p^Af/V, vvherepis the pressure, 7 the absolute 
temperature, p the density, Af the molecular weight, and V the vol 
ume of 1 gram molecule of the vapour 

The speed of sound t„ in a gas or vapour at pressure p is given bv 
the well known equation 

r.-y(ffi) (.12) 

where y«»Cp/C„ C, being the spcafic heat at constant pressure and 
Ct the specdlc heat at constant volume 
From equations (I 1 1) and (I 12), it follows that 

r* \YPIpJ W 

For a monatomic vapour, such as mercury, y**! 67, for a dia 
tomic molecule, y»»14 
In the case of mercury therefore 



The speed of sound in a gas or vapour is hence of comparable 
magmtude to the average molecular velocity The velocity of the 
vapour stream thus needs to be supersoiue Otherwise, if the vapour 
supply emerged from the nozzle with the average lanetic v clocity de- 
cided b> \i% temperatvire, it w ouW simply spread out inside the pump 
casing without tmparlmgany considerable directional momentum to 
the gas molecules Then the pumping speed w ould be v cry small 
To ensure a satisfactory vapour stream, the pump fluid in the pump 
boiler has to be heated until the pressure of its vapour, pn is con 
sidcrably higher than the backing pressure, provided m the pump 
(Fig 10) and so also hi^cr than the gas pressure, pt, to be 
created at the intake port The stream of vapour emerging from the 
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nozzle consequently expands into a region at lower gas pressure; in 
doing so, it will expand adiabatically and can be shown to acquire 
supersonic velocities with a satisfactory rate of discharge provided 


Es. 

Pw 



(1.13) 


where is the critical back pressure,pv is the initial pump fluid vapour 
pressure before expanding through the nozzle, and y is the ratio 
Cp/Cv for the pump fluid. 

For example, for mercury, Cp/Cv = 1-67, so 


Pc 

Py 


( 2 \l-67/0-67 

2 ^ 7 ) 


= 0-75='2 = 0-49 


As the supersonic stream of pmnp fluid vapour travels through the 
gas in the pump, the vapour molecules collide with and entrain gas 
molecules in the mixing region within the pump casing. These gas 
molecules therefore have imparted to them marked velocity com- 
ponents directed towards the discharge outlet to the backing pump, 
establishing a pressure gradient and a pumping action. 

The supersonic high pressure region of vapour overtakes the slower 
moving gas molecules which have sonic speeds. There is consequently 
a pressure rise resulting in a steep and stable wave front, i.e. a shock 
wave is formed in which the gas is rapidly compressed. This shock 
wave will occur at a distance from the nozzle which increases with 
decrease of the backing pressure pt, (Fig. 10). This shock wave acts 
like a ‘dam’, providing the ‘seal’ required across the pump. Gas 
from the backing region cannot surmount the pressure increase in 
this shock wave and reach the high vacuum intake aperture. If the 
backing pressure is too high, the shock wave front will be too near 
tlie nozzle outlet. The sealing action is then less effective ; gas from the 
backing region will be able to ‘back-diffuse’ to the vapour pump in- 
take aperture, especially in the region near the cooled pump walls, so 
increasing the ultimate pressure. 

Depending on its design, a vapour pump therefore has a critical 
backing pressure, pcb (not to be confused with the critical back pres- 
sure, Pc), above which there is a more or less sudden increase of the 
pressure on the high vacuum side of the pump. The critical backing 
pressure is lower than the critical back pressure (a value of 0-05 to 
0-1 torr being usual), but it will depend considerably on the gas being 
pumped and the pump design. 

A well-known result from Knudsen’s study of the kinetic theory of 
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gases IS lhai the number of gas molecules which impinge on unit area 

of a boundary m the gas per sec, N, is given by equation (1 8) 

AT « inf 

where n is the number of molecules per unit volume and C the average 
molecular velocity If, therefore, A is the area of the intake aperture 
of the vapour pump, i e the throat area which is the annular area be- 
tween the pump casing and the nozzle (fig 10), the number of gas 
molecules entennglhc pump per sec would be inM if the pump were 
perfect, 1 e there were no impedance to flow of gas through the intake 
aperture and all the molecules of gas which hit the aperture passed 
through the pump without any return In practice such perfection is 
not possible, the actual rale of removal of gas molecules is 
where II is a speed factor defined as the ratio of the actual speed to 
the speed if the pump were perfect Thus 

tl » SJAN 

where 5, is the actual pump speed m gas molecules per sec This 
actual speed depends on the nature of the gas and the pump design 
For a good design, I! will be about D 3S for nitrogen 
Clearly, high pumping speeds are only obtainable with targe intake 
throat areas The ideal demand is thus a very wide aperture pump 
with a very small nozzle However, the pump fluid vapour from the 
nozzle must not only have high molecular concentration and super- 
sonic speed, but also be able to spread towards the cooled walls after 
leaving the nozzle, if the necessary seal cfTcct provided by the shock 
wave front is to be effective Otherwise, back-diffusion of gas from 
the fore-region along the casing walls to the high vacuum region will 
occur In practice, satisfactory performance demands a ratio between 
the area of the expanded jet and the nozzle outlet of 5 to 10 The 
necessity for a large intake throat, suitable vapour stream, and a 
suitable critical backing pressure is best met m practice by a multi- 
stage vapour pump, where two. three^ or four stages arc used; the 
second stage backing the first top-stage, and the third stage the 
second, as shown in Fig II By this means, higher critical backing 
pressures, as provided by the mechanical pump, arc allowable, up to 
0 5 torr for an oil vapour pump, and 1 tomnmercuryvapour pumps, 
with much higher values of 30 torr or more in diffusion-ejector 
designs 

The vapour diffusion pump is designed to have a pumping speed 
which IS constant below about 10~® torr down to the ultimate pres- 
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sure provided, wiiich can be in the ultra-high vacuum region at 10"® 
torr, or below if the design is suitable. Indeed, theoretically, there is 
no limit to the ultimate pressure obtainable, but stringent observa- 
tion of practice is demanded to obtain ultimates below 10"® torr 
(section 3.8). 

The vapour ejector pump, on the other hand, though having a simi- 
lar working principle, is designed to have a maximum pumping speed 
at intake pressures of 2x10"® to 10"^ torr and above, and to 


Intake port 



Fig. 11. A three-stage oil diffusion pump. (Dots indicate permanent gas.) 

operate at a backing pressure of 0-5 to 1-0 torr with oil ejectors, and, 
in the case of mercury ejectors, up to 5 or even 100 torr. 

In the diffusion pump, the m.f.p. of the gas molecules at the intake 
aperture is some 50 cm or longer as intake pressures are 10"^ torr and 
below (equation 1.4). Collisions of the gas molecules with the walls 
are therefore more important than intermolecular collisions because 
this m.f.p. is larger than the pump throat diameter. Indeed, the gas 
flow is molecular (section 3.1) and the pumping speed is largely inde- 
pendent of the intake pressure below 10"® torr (Fig. 12a). In the 
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ejector pump, however, the intake pressure is generally about 1,000 
times greater than m the di/Tusion pump, and the m f p of the gas 
molecules is only about 5x10"* cm Intermolccular collisions arc 
now more important than eolluions with the walls* the gas how » 
chiefly stscous (section 3 I) and the pumping speed vanes consider- 
ably with pressure showing a marked peak value around a pariicubr 
pressure (Fig 12b) 



Tij 12 Typical pumping speed ogaiiist intake pressure characicnsiics for 
(o) an oil vapour ditTusion pump, and (&) an oil vapour ejecior pump 


The design of the ejector pump differs from that of the diffusion 
type, because a dense vapour stream with supersonic speed has now 
to be produced from a nozzle entering a mixing region at a higher 
initial backing pressure of I torrormore Considerably higher boiler 
pressures arc thus demanded to provide a suniciently large value of 
Pr (equation 1 13) As this \apour stream is surrounded by gas at 
comparatively high pressures of the order of 10“^ lorr in the nozzle 
region, its spread is much more limited than m the diffusion pump 
To ensure a satisfactory ‘seal’ due to the shock wave, a convergent 
water -cookd pump casing is used m the mixing region, so that satis 
factory condensation of the directed vapour is obtained and back- 
diffusion of gas to the intake port is prevented The vapour stream 
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now entrains the gas by viscous drag rather than by diffusion and 
conveys it at high speed to the discharge outlet to the backing pump 
(Fig. 13). 

The ejector pump is valuable for exhausting large systems at high 
speed where pressures in the range from 10"^ to 10"^ are to be 
established. It has been introduced, indeed, especially as an oil vapour 
ejector, primarily to provide high pumping speeds in the region below 
10”^ torr, where the speed of a mechanical pump begins to decrease, 
and above 10"® torr, where the speed of the diffusion pump falls off. 



Fig. 13. An oil vapour ejector pump. 


In ‘filling the gap’ in the pressure range between 10”^ and 10"* torr, 
the chief rival to the ejector pump is the Roots pump (section 1.13). 

The ejector pump is often used as an intermediate between a diffu- 
sion pump and a mechanical backing pump, a practice frequently 
adopted when large quantities of gas have to be handled at intake 
pressures of 10"* torr and below. In several designs, the ejector stage 
is incorporated within the single vapour pump giving a multi-stage 
diffusion-ejector pump (Fig. 14), in which the first stage is a diffusion 
nozzle or jet, the second stage is probably partly diffusion and partly 
ejector, and the third and any further stages are ejector. 

Noller [10]. 


For fuller discussions of the theory of the working of vapour pumps 
2 : Alexander [6]; Florescu [7]; Jaeckel [8]; Jaeckel et al [9]: and 



30 Htgh Vacuum Technique 

1 8 Pump Fluids Mercury and Oils 

The operating fluid used in either an otI»scalcd mechanical pump or a 
>apour pump is knov^m as Ihe pump fluid A high purity hydrocarbon, 
with multi functional addiincs to impart anti rust and anti lacquer* 
ing properties with resistance to oxidation and acids, is generally 
used for mechanical pumps TIic s-apour pressure at 20’’C is about 



Hg 14 An oil diffiuion-ejecfor pump (Edwards High Vacuum Ltd , htodel 
E03) 


10"® torr and the oil must have non-corrosive, lubncation and ms- 
cosily characteristics suitable for the pump As there are a wide \ anety 
of pumps from the various manufacturers, the best practice is to use 
the oil recommended in the pump manufacturers’ catalogues 
The pump fluid for a supour pump has to be chosen in relation to 
the performance expected and the operation of the pump, but bearing 
m mmd that the best fluids arc expensive The vapour diffusion pump 
IS usually required to have a high pumping speed per unit area of its 
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intake aperture and be capable of producing a low ultimate pressure 
(wliich is the limiting pressure attainable after a pumping time long 
enough to ensure that further reductions in pressure in the chamber 
are negligible). Further, it should work against a critical backing 
pressure which should not need to be too low. To provide good en- 
trainment of gas molecules by the pump fluid vapour stream and 
ensure the necessary seal-off effect due to the shock wave, a pump 
fluid of high molecular weight is an advantage. Mercury has an atomic 
weight of 201 ; all the oils used have molecular weights between 300 
and 500. As regards the ultimate pressure, this depends on: whether 
or not a baffle and/or cold trap (section 1.11) are used; the seals used 
in the system; whether the chamber is baked or not, and from what 
material the chamber is fabricated; leaks in the system; and the 
design of the vapour pump in relation to purification of its own work- 
ing fluid. In general, the pump fluid should have as low as possible a 
vapour pressure at the temperature of the intake aperture. At the 
same time, it should have a vapour pressure against temperature 
curve such that boiler pressures of 0-5 torr or more can be achieved 
without excessive boiler temperatures. If an excessive boiler tempera- 
ture is used, the pump fluid may break down into fractions, some of 
which can readily be non-condensable gases which back-diffuse to 
the high vacuum side of the pump. Thus, a vapour pressure of 10"° 
torr at 20°C is demanded for an ultra-higli vacuum system where a 
vapour diffusion pump is to be used without a cold trap. Tliis is an 
excessive and expensive demand, not required if an ultimate pressure 
of 10"° torr is adequate or cannot be improved upon because of actual 
leakage or virtual leakage due to vapour from an unbaked chamber, 
seals, valves, etc. Again, the prime requirement for the fluid in a 
vapour ejector pump is not low vapour pressure but resistance to 
disintegration at high boiler temperatures. 

Further requirements of vapour pump fluids are: (cr) a suitable vis- 
cosity against temperature characteristic, to ensure ready flow back 
to the boiler at the cooling water temperature; (6) chemical stability 
against temperature rise and in the presence of the common metals, 
glass and gasket materials; (c) resistance to oxidation when heated at 
atmospheric pressure; and (d) resistance to decomposition on ex- 
posure of the vapour to hot filaments or to a gaseous discharge. 

Mercury has two considerable virtues as a pump fluid: its density 
and viscosity ensure ready circulation in the pump; and it is an 
element which cannot decompose on heating or in the presence of hot 
filaments or an electrical discharge. These latter characteristics lead 
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to the choice of mercury >apour pumps for three mam apphcations 
(/) for ejector pumps operating at high boiler pressures and able to 
work against a backing pressure of 30 lorr or more 
00 in ultra high \acuum sj-stems for gas anal>sis where the pre- 
sence of mercury \-apour is readily distinguished by a mass spectro- 
meter from other gases, 

(/ii) for pumping particle accelerators and high \oItagc equip- 
ment m which oil contamination ma> affect targets, or cause insula- 
tion breakdown 

The three chief difiicultics with mercury arc* 

(0 It has a \apour pressure of about 10‘* torr at 15*C (Table 1^) 
and so cannot produce a lower total pressure than this in a chamber, 
unless a cold trap (section I 1 1) is used between the intake aperture of 
the pump and the chamber, 

(ti) it reacts readily with several materials and, in particular, amal- 
gamates with copper, brass, and aluminium, so these metals must not 
be allowed to ‘see’ the mercury vapour m a s)stcm, 

(lit) the pumping speed and the back-streaming (section I 1 1) of a 
mercury vapour pump are greatly affected b> small amounts of 
h)drocarboa contamination 

It should also be remembered that mercury vapour is toxic 
The pioneers m the introduction of low vapour pressure oils suit 
able for vapour pumps were Burch [11} and Hicl^an (121 Of the 
oils listed in Table I 3, the silicone oils (which are semi-orgintc 
polymers) arc the most widely used in high vacuum technique 
It IS not good practice to use a vapour pump designed to be era- 
plowed with mercury and substitute an oil Indeed, it is ill advised to 
use other than the specific oil recommended by the manufacturer for 
a particular vapour pump Reasons for this arc 

(0 With an ejector or a difTusion-cjector pump, the temperature 
may cause severe decomposition of the oil,. 

(/i) the nozzle dimensions and the boiler temperature are cntically 
adjusted to the fluid used to obtain optimum performance m relation 
to speed, ultimate pressure and back-streaming, 

(«i) the temperature distnbution in the pump needs to be related 
to the viscosity temperature charactcnslic of the pump Quid to ensure 
satisfactory circulation, 

(a) the backing pressure tolerance depends on the shock wave 
seal off cfTcct provided by the vapour stream, w hich is decided by the 
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speed of this streain, which ra turn is dctcmintd by the temperature 

and the molecular weight of the oil 

Tlte suppliers of the oils listed in Table 1.3 arc as follows (the 
numbers given are those in the extreme left-hand column of the table) 

1, 2, and 3 - the Shell Chemical Co , Ltd (U.K) and James G 
Biddle Co (USA ), 4, 5, 9, and 10 - Consolidated Vacuum Corp 
(U S A ), 6 - Luton Engineering Laboratones (U S A ); 7 and 8 - 
National Research Corp (USA) and Vacuum Industrial Applica- 
tions (UK), who use the name ‘Viacoil' instead of Narcoil, II, 12, 
13, and 14 - Dow Coming Corp (USA) and Midland Silicones 
Ltd (U K ), for whom the agents are Edwards High Vacuum Ltd 

Oils 1, 2, 3, 5, and 6 ate moderately-priced general-purpose fluids, 
but do not resist oxidation Apiezon C and also the Octoils (9 and 10) 
are often used m glass fractionating pumps and metal self-punfying 
pumps The silicone oils (1 1 to 14) arc scmi-organic polymers which 
are exceptionally resistant to oxidation at high tcmpcraluTcs com- 
pared with all the other oils except the Narcoils (7 and 8) and 
Convalex (4) As a result, heating of these oils at atmosphenc pres 
sure does not seriously impair their efTicicncy as pump fluids, though 
It IS certainly undesirable practice They do not oxidize even on 
exposure to air at pump boiler operating temperatures Such drastic 
treatment of the other oils listed in Table I 3 results m the formation 
of tars and corrosive vapours in the pump, which block up nozzles 
and slick to the surfaces of the noale system so reducing noticeably 
the pumping eiBciency For this reason, the silicones arc the most 
popular pump fluids for vapour dilTosion pumps Latham, Power, 
and Denms [13] performed a senes of Inals on vapour pump fluids 
m which an ultimate pressure of about 5 x 10"* ton was established 
by a vapour diffusion pump filled wuh one or other of the fluids, and 
then air was admitted at atmosphenc pressure whilst the pump heater 
was left on Regular repetition of this brutal trealmenl several hun- 
dred times, over a penod of many diys, established clearly that the 
pump interior assembly was sliU clean if the silicone oils or chlorin- 
ated diphenyls (Narcoils) were used, but other fluids, such as the 
Apiezon oils and Octoils, gave nsc to tarry and solid carbonaceous 
deposits on the nozzle system which severely depreciated the pump 
performance 

Pump fluids give difUcully due to back-streaming, whereby some of 
the oil will enter the chamber being pumped (section 1 11) Several 
cases have been recorded where m experimental work on electron 
tubes, mass spectrometers, ion accelerators, etc, small quantities of 
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pump oi) back streaming into the chamber have become deposited on 
electrodes, and then on healing or electron or ion bombardment the 
surfaces have become coated with tenacious films These films tend to 
be jion-conducltng siltcaccous compounds if silicone pump fluids arc 
used, and more troublesome than the conducting carbonaceous 
deposits resulting from the use of hydrocarbon pump fluids such as 
the Apieaon oils 

The range of silicone oils (in which DC 702 and 703 arc general 
purpose vapour diffusion pump fluids for use down to ultimate pres 
sures 10 * and 10*’ respectively) has been extended recently by the 
introduction of DC 7(!M (Huntress, Smith, Power, and Dennis (ND 
and DC 705 Both of these, unlike DC 702 and 703, arc allegedly 
single component materials having a definite molecule of a single 
kind They markedly resist decomposition on heating m the pump 
boiler under \ acuum and they arc also resistant to gamma radiation 
Such decomposition of the earlier (but less expensive) oils gives nsc 
to vapours and gases which travel undesirably against the pumping 
direction into the chamber at the pump intake Furthermore, there 
can well be present gaseous components of such low boiling points 
that they are not condensed in o cold trap even at the temperature of 
liquid nitrogen This decomposition is not entirely absent with DC 
7C4 and 70S, but markedly less significant than with 702 and 703 

As compared with the element mercury, all oils will decompose to 
a more or less extent m the presence of hot filaments and m anelectri- 
cal discharge, aggrav aiing seriously the problem of pressure recording 
by hot-calhode and also cold-cathode lonviation gauges (sections 
2 7 and 2 6) 

Two of the oils listed m Table 1 3, DC 705 and Convalex 10, have 
vapour pressures of about 10'*® at room temperature The use of 
these oils therefore leads to the possibility of producing ultra high 
vacua in oil-diJTusion pumped chambers without the necessity for a 
cold trap between the pump and the chamber In addition to the 
avoidance of pumping speed rcstnction, this possibility leads to 
enormous saving in runnmg costs with very large plants such as 
proton synchrotrons, where the annual cost of liquid lutrogen ma> 
amount to £100 000 ormore However, toestabhshpressuresoflO ® 
and below, the problem of bakc-out of very large chambers remains 
and also that of back streaming deposits from oils In this latter 
connection, Hickman (15) reports that the polyphenyl ethers (such as 
Convalex 10) can afford positive advantages on back streaming into 
the chamber as they may be allowed to coat gaskets, O nngs and the 
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inside walls of the chamber with a deposit which greatly reduces out- 
gassing and the escape of volatiles. Certainly, the problem of setting- 
up demountable ultra-high vacuum systems of moderate size (e.g. 
for vacuum coating purposes), where frequent admission of air and 
repumping are undertaken, and where bake-out is not easily prac- 
tised, has not yet been satisfactorily solved ; and the intelligent use of 
vapour diffusion pumps with Convalex 10 or DC 705 affords an 
attractive, promising approach. 

In Table 1 .3, Narcoil 10 (7) is a useful oil for vapour ejector pumps. 
Plasticizers such as tri-xylenyl phosphate, Arochlor (Monsanto 
Chemical Co., U.S.A.) and Edwards High Vacuum Ltd. booster 
pump fluid A are also useful for this purpose. 

1.9. Pumps Designed to Purify their own Working Fluid 

There are three types of vapour diffusion pump which utilize a work- 
ing pump fluid in the form of an oil, which, like most of those listed 
in Table 1 .3, is a mixture of components of various molecular weights 
and volatilities. The object of these designs is to ensure that the first- 
stage nozzle as far as possible operates primarily with the least vola- 
tile component of lowest vapour pressure, and that the more volatile 
constituents are rejected from the main vapour stream. Such pumps 
are not as important as they were because of the introduction of 
single component oils, such as DC 704 and 705, 

The first pumps of this kind were glass self-fractionating oil diflTu- 
sion pumps introduced by Hickman [16]. An example is shown in 
Fig. 15. 

This pump utilizes a divergent cone-shaped nozzle, A, (first intro- 
duced much earlier by Crawford [1 7]) as the first stage, and a cylindri- 
cal nozzle, B, as the second stage, at higher pressure intermediate 
between that of the high vacuum to be maintained at the intake port 
I and the backing vacuum at the discharge outlet D. The three inter- 
connected pump boilers contain electric immersion heaters in the oil 
charges. The most volatile constituents of the oil (Apiezon C or 
Octoil S are often used) are distilled into the alembics in the vertical 
glass tube connecting the discharge port to the backing pump. The 
oil constituents of medium volatility form the operative vapour 
streams at the nozzles A and B, whilst the comparatively non-volatile 
components and impurities go to the smaller boiler E, where the dark- 
coloured non-volatile constituent collects and the more active frac- 
tions are distilled off and returned to the other two boilers. 

The heat inputs to the separate boilers have to be fairly precisely 
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regulated. The construclton, whereby the mam axis of the pump is 
sloped slightly from the horizontal, facilitates effective separation of 
the constituents and enables the nozzle diameters to be determined 
independently of the boiler areas 
A pump of this type, operating with an oil of nominal \apour pres- 
sure at 25*C of lO"’ lorr, can readily achieve an xilnmaic pressure 
(without baffle or cold trap) of 5x lO’* torr 
A schematic cross-section in the srrtical plane through a large 
metal oil diffusion pump of the fractionating (j^e (fig 16) shows the 



essential difference m construction between this pattern and the 
ordinary non-fractionating pump that is that each of the stages are 
supplied with oil vapour from their owm cylindneal tube or chimney, 
whereas a single chimney supplies all nozzles of the normal pump In 
the three-stage fractionating pump showm, the oil vapour issuing 
from the first-stage nozzle I is from cylindrical chimney 1 , the second- 
stage nozzle 2 from the annular region 2 between two cylinders, and 
nozzle 3 from annular region 3 The purifying action on the oil is 
simply that the condensate from all three nozzles enters first the outer 
annular section of the boiler, from which the most volatile fractions 
ofhighest vapour pressure boil off, to feed the third stage 3, acting as 
a backing (ejector) stage to stage 2 The top first-stage nozzle, I, fed 
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from the central compartment of the boiler, thus receives primarily 
the least volatile constituents of the oil, i.e. those of the lowest vapour 
pressure. In general, a fractionating oil diffusion-ejector pump will 
provide an ultimate pressure in an unbaked chamber, without the use 
of baffles and/or cold traps, of 10“’ to 5 x 10“’ torr (though this 
depends on the gasket materials used and the type of chamber, so this 
figure is only an approximate guide). Whereas a pump of similar di- 
mensions and speed, but non-fractionating, will have an ultimate 
some 5 to 10 times greater in the same circumstances. 



Fig. 16. A metal fractionating oil diffusion pump. 


The self-purifying oil diffusion pump is represented by the F 203 
model of Edwards High Vacuum Ltd. (Fig. 17). In this pump, the oil 
(Apiezon C is used) vapour emerging from the first- and second-stage 
jets passes a skirt and falls as a thin film down an elongated pump 
wall to the boiler. This section of the pump wall is surrounded by a 
radiation shield, so that it acts as an outer boiler, which supplies oil 
vapour only to the simple side-stage jet directed straight towards the 
discharge outlet tube to the backing pump. In falling in the form of a 
film down the wall, the lighter, more volatile fractions of the oil 
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evaporate first, to feed the side stage, and the oil which returns finally 
to the mam boiler is of lower \apour pressure, as it is partly freed of 
these more volatile constituents It is this mam boiler which feeds 
the first stage nozzle, where the lowest pressure is required, and also 
the intermediate second stage 

1 10 Air cooled Vapour Pumps 

Several manufacturers now supply oil diffusion pumps in the 
smaller sizes, with air cooling by means of fins around the pump body 


INTAKE PORT 



Fig 17 A self purifying oil dilTiuion nump 


through which air is forced by an cleclncally-dnven fan which is an 
integral part of the assembly In recent jears, the design of the air- 
cooling system for such pumps has received extra attention, tending 
to off set the impression gamed from experience that air-cooled 
pumps did not (despite makers’ claims) provide as low an ultimate 
pressure as their water-cooled counterparts The conv enicnee of these 
pumps with their independence of a water supply is obvious m 
transportable equipment They arc becoming increasingly used in 
continuously pumped X-ray crystallography units some electron 
microscopes, and other vacuum ^tems where only an ac mams 
supply is needed to make them fully operative 
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1.11. Back-streaming: Baffles and Traps 

When a vapour pump has a chamber connected at its intake port in 
a vacuum system consisting basically of chamber, vapour pump, and 
mechanical backing pump, the probability exists that some of the 
pump fluid will not travel in the direction (usually downwards) from 
the nozzles to the backing region of the vapour pump, but in the 
opposite direction (usually upwards), into the chamber. Indeed, when 
an oil vapour pump is cormected directly to the chamber without any 
intermediate baffle or trap, its pumping speed is unrestricted, but the 
collection of pump fluid in the chamber can be so significant as to be 
readily perceived by eye after some hours’ running. 

To describe this phenomenon two terms are used : back-streaming 
and back-migration. The former is due to molecules of the pump fluid 
which leave the pump nozzle (particularly that of the top first-stage) 
in the wrong direction, i.e. with a velocity component opposite to that 
of the main vapour stream which causes pumping, or which may 
travel initially in the correct direction but are reflected backwards on 
impact with a solid surface in the pump near the first-stage jet. The 
second phenomenon, back-migration, is due to vaporization into the 
chamber of pump fluid molecules which cling to surfaces within the 
pump, particularly those of the first stage, the pump walls, and also 
the surfaces of baffles, traps, or isolation valves used. It is not easy to 
distinguish between the effects of back-streaming and back-migra- 
tion : in general, the former is the more important in oil vapour pumps 
and the latter in mercury vapour pumps. Back-streaming may be re- 
duced by careful nozzle design, but usually reduction by this pro- 
cedure is at the sacrifice of pump speed. Back-migration is reduced 
by attention to the nature of the surfaces in the pump near the top- 
stage jet, and by designing the pump so that these surfaces do not run 
wet with the pump fluid. 

The term back-diffusion is sometimes confused with back-stream- 
ing. Back-diffusion is a different phenomenon entirely: it signifies 
that permanent gas or vapour (not the pump fluid) which travels 
(usually near the inner walls of the pump) from the backing to the 
high vacuum region. 

For an oil vapour pump, back-streaming (including the less impor- 
tant back-migration) is quoted in mg of pump fluid per sq cm of the 
pump mouth (taken to have a cross-sectional area of wd®, where d is 
the diameter of the circular aperture) section reaching the chamber 
per min. (Its measurement is described in section 4.3.) Alternatively, 
it is quoted as a total for a given pump of a given mouth diameter. It 
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will depend on the type of pump, the water (or air) cooling, and the 
temperature of the pump boiler, but is not sigmficantly different for 
different pump oils if quoted in molecules per mm rather than mgper 
min It tends to increase significantly at pump intake port (mouth) 
pressures exceeding 10"* torr, but below this pressure docs not vary 
noticeably with pressure Exposure of the diffusion pump to the 
chamber at initial pressures exceeding 10 * torr is reprehensible 
practice, as temporarily it will greatly increase back-strcammg 

For a normal non-fractionaiing or non*se!f purifying oil vapour 
diffusion pump without baflle or trap, the back>strcaming rate, with 
correct heater wattage, and cooling water flow rate as recommended 
by the manufacturer, will be \ery roughly 10"' mg per sq cm per mm 
As most pump oils have a density of near 1 gram per cu cm, the rale 
quoted in ml instead of mg will be 0 001 times this figure approxi* 
mately,ie about 10'*mlpcrsqcmpcrmjn It is stressed, however, 
that these values are quoted here as a guide to the order of quantity , 
considerable variations m the amounts are experienced 

This does not seem to be a significant figure However, consider an 
oil vapour diffusion pump of mouth diameter 4 inch (10 cm) and 
hence mouth area of 25^- sq cm Tins will introduce, by back'Stream* 
mg, J0"*x25ir(i e 8x 10"®) ml of pump fluid into the chamber per 
mm, if no baffle or trap is used Within 500 mm, there accumulates 
4 ml of pump fluid, which is easily perceived as a film Moreover, 
100 ml of the pump oil could be lost from the pump in approximately 
12,500 mm or 200 hour of continuous running if no means were pro- 
vided to reflect the back-streaming molecules into the pump, and 
100 ml IS the entire oil charge for a 4 inch pump! In practice, the 
situation is modified by connecting tubing between the pump mouth 
and the chamber, because at a distance of 1} times the mouth dia- 
meter above the pump mouth the back-streaming rate is only about 
3% of that at the mouth itself 

Thus, for an oil vapour pump, the use of a baflle betw een the pump 
mouth and the chamber is in most cases a necessity to reduce back- 
streaming and return oil to the pump Apart from loss of oil and the 
fact that oil accumulating in the chamber renders it unclean, the 
deleterious effects of back-streaming arc the formation of silicaceous 
or carbonaceous deposits on surfaces within the chamber (section 
1 8) and the fact that oil vapour molecules will dissociate m the 
presence of heated filaments or an electrical discharge 

The oil vapour-ejector pump has a similar back-streaming rate to 
the oil vapour diffusion pump, but for oil diffusion pumps of the 
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fractionating or self-purifying kinds (section 1.9) the back-streaming 
rate is about I/IO of that for the non-fractionating variety. 

Mercury vapour pumps also give back-streaming and particularly 
back-migration, but, as the vapour pressure of mercury -at room 
temperature is 10 torr approximately, this inevitably forms the 
chief contribution to the total pressure attained. So a cold trap is 
absolutely necessary to attain lower total pressures. However, if a 
cold trap is used above either an oil or a mercury vapour pump, it is 
most important to realize that back-streaming vapour will condense 
on the trap’s cold surfaces and so represent a loss of charge of fluid 
in the pump, which is serious after several days’ running. To avoid 
this, it is therefore important, especially with metal pumps of mouth 
diameter of 2 inch or more, to install a baffle (generally water-cooled) 
between the pump intake and the cold trap to ensure that the pump 
fluid is largely reflected back into the pump instead of reaching the 
cold trap. 

Many kinds of baffle have been described in the literature. Fig. 1 8 
shows five widely-used types. Fig. 18(a) is a frequently used baffle and 
isolation valve; with the valve fully open, back-streaming is reduced 
by about 100 times; partially closing the valve reduces back-stream- 
ing further but at the sacrifice of pump speed. Fig. 18(6) is a simple 
copper disc supported within the pump mouth and cooled only by 
conduction through the metal rod support to the water-cooled pump 
wall. Power and Crawley [18] report that such a simple baffle will re- 
duce the back-streaming rate by more than 3,000 times, i.e. reduce it 
to about 3 X 10“® mg per sq cm per min or 3 x 10“ ® ml per sq cm per 
min. This simple device will therefore ensure inappreciable oil charge 
loss over several months of running. In this connection, the use of a 
length of tubing between the pump mouth and the chamber will help 
significantly, but nothing like so well as the disc of Fig. 18(6). The use 
of this disc will, however, inevitably reduce the speed of the pump to 
about 30 to 40% of its unbaffled value. Figs. 18(c), (^/), and (c) are all 
water-cooled baffles in which the cooling water inlet is to the baffle 
before being passed through the normal spiral or jacket for cooling 
the pump walls. Fig. 18(c) is a useful cup-shaped baffle for an oil 
diffusion pump of up to 3 inch diameter mouth. Figs. 18(c^) and (e) 
show more sophisticated and effective baffles valuable for the larger 
diffusion pirnips, of the chevron and Z types respectively. The design 
of these is based on the premise that there should be no optical path 
between the pump nozzle and the chamber, so that back-streaming 
molecules travelling in straight lines at low intake pressures must 
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inevitably make one collision or more with a water-cooled surface 
before being able to reach the chamber On collision, the important 
factor is the condensation cocfFicient, i c the number of molecules 
which are condensed on the surface divided by the number incident 
m a given time An optically opaque baffle would be perfect if this 
condensation cocfflcicnt were unity The chevron type, for which the 



optimum angle of the V-sbaped slats shown is 120®, is >xry con 
vemently shallow m construction so that the pump stack consisting 
of vapour pump plus chevron baffle is kept short in height, but itis 
not so efficient as the Z-baffic m which each back streaming molecule 
must perforce make two hits, increasing the probability of condensa 
tion The condensation coefficient will approach closer to unity as the 
baffie temperature is decreased and, morcov cr, the vapour pressure of 
the condensed fluid will be greatly lowered (a decrease from 20 to 0®C 
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causes a vapour pressure reduction of about 10 times with most oils). 
Therefore, baffles of the chevron and Z types are often refrigerated by 
the circulation of freon from a mecham'cal refrigerator able to achieve 
temperatures of —20 to — 40°C. A refrigerated baffle is then also a 
trap. It wiU reduce back-streaming and back-migration and will also 
pump by sorption those condensable vapours for which the critical 
temperature exceeds the baffle temperature. 

A baffle should be designed for ready removal to facilitate periodic 
cleaning. 

A convenient but rather expensive means of obtaining a refrigera- 
ted baffle is by making use of thermoelectric cooling. The familiar 



Fig. 19. (fl) Seebeck effect in a junction between semiconductors. (6) Peltier 
effect in a junction between semiconductors. 

Seebeck and Peltier thermoelectric effects are very much larger in 
magnitude in semiconductors than in metals. For thermoelectrically- 
cooled baffles, bismuth telluride, BigTg, is used because of its high 
thermoelectric power and low thermal conductivity. Consider a rod 
of an n-type semiconductor (e.g. bismuth telluride containing suitable 
doping material), N, and a rod of a p-type semiconductor (again, 
doped BiaTg), P, to be joined at their left-hand ends, while their right- 
hand ends are connected across a resistive load (Fig. 19a). To examine 
the Seebeck effect, let the left-hand junction be heated to a tempera- 
ture 7), and let the right-hand ends across the load be at temperature 
Tz; where Ti>T^. Electrons will leave the hot end of a conductor or 
semiconductor more readily than they leave the cold end. The hot 
junction of N (in which electrons are'the majority carriers) will there- 
fore lose electrons to the cold end more rapidly than electrons leave 
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this cold end Depending on Ihe tcmpcraiurc difference, T\—T^, an 
equilibrium \mI1 be reached between the flow from hoi to cold and 
the return flow, and the cold end will become negatively charged In 
the bar P (in whieh poslll^c holes are the majority earners), the flow 
wll be in the opposite direction, and point a vmII be left at a positive 
potential with respect to b, current flowing through the load (the 
electron current flow being in the direction indicated on the diagram) 
In the Peltier eflcct (Fig 196). the resistive load is absent and current 
IS passed through the thermoelectric cell from an external source of 
direct current instead of external heat being applied With the source 
connected so that point a is negative with respect to b and therefore 
the electron current flow direction the same as m Fig 19(o), heat -will 
be absorbed at the left-hand junction, thus it becomes cooled, where- 
as the right hand ends become heated By reversing the current 
direction, thcleft hand junction can be made tohtat up and thenght- 
hand end cooled The energy absorbed (or cv olved) m joule at a junc- 
tion when 1 amp flows for 1 see defines the Peltier cocfllcient, -, in 
joule per coulomb 

The 4 inch thcrmockctric baffle of Edwards High Vacuum Ltd is 
representative of their range of 2 to 9 inch models The baffle itself is 
of the conv entional chev ron type tn a sLninless steel body Cooling of 
the baffle plates is effected by conduction from them along a copper 
rod to a set of bismuth telluride cooling elements mounted outside 
the body of the valve, i c outside the vacuum A current from a d c 
power pack providing 2 5 volt at a maximum of 30 amp is passed 
through the thermoelectric cooling elements, which arc mounted to 
be electrically in senes but thermally m parallel The maximum tem- 
perature difference obtainable is about 45'C If the hot face of the 
elements is maintained at cooling-water temperature of IS'C, the 
chevrons can be cooled to — 25'’C Revenmg the current direction 
conveniently enables the baffle to be heated for defrosting Crawley 
and Miller [19] describe a compact asscmbl> of such a thermoelectric 
baffle on a 4 inch, air-cooled, diffusion pump filled with silicone 705 
oil The heat sink is at about SS'C, provided by an arrangement of 
fins which lie m the air stream which has passed through the upper 
pump fins The chevron temperature attained is therefore about 
— S^C With a pump of speed 600 hire per sec for air, which is reduced 
to 200 litre per sec because of the impedance of the baffle, a pressure 
of 10~® torr was attained in 1 Jhour and an ultimate of 10"® torr after 
an overnight run, without bake out 

A thermoelectric chevron baffle with a water-cooled heat sink is 
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shown in Fig. 20(a) and the principle of thermoelectric cooling is 
illustrated by Fig. 20(6). 

Another type of baffle, useful for oil vapour pumps but of no use 
for mercury vapour ones, makes use of the provision, between the 
pump and the chamber, of a sorbent material with very large effec- 
tive surface area for oil vapour. Following the design of Biondi [20], 
a baffle making use of activated alumina or molecular sieve pellets 
placed within trays in a simple baffle plate array is illustrated by Fig. 
21.Thismolecular sieve material has an effective surface area of about 



Copper 
rod , 

p-type BijTj 
„ 1 



1 ! 


H 

-o 




Power 

pock 

To cooled ! 

y * 


-o 


(M 

1 

n • type BtjTj 

Ends cooled 
water jocKet 
oir blast 

by 

or 


Fig. 20. (a) A thermoelectrically-cooled chevron baffle. (6) The principle of 
thermoelectric cooling. 

7 X 10® sq cm per gram, so that oil molecules reaching the pellets have 
a high probability of being retained by physical surface forces. Before 
use, the molecular sieve pellets are freed of water vapour by heating 
to 150 to 300°C, (but not above 500°C, as this may destroy their 
crystallite formation) and are stored in tightly-closed containers. 
Normally, they are used in baffles at room temperature, but may also 
be refrigerated to increase their efficiency. 

Cold traps may take the form of the refrigerated baffles already des- 
cribed, but the term usually denotes a device introduced between the 
chamber and the vapour pump intake port in the form of a trap of 
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which the walls arc cooled with solid carboQ dioxide (— 78®C) or 
liquid air (ISS^C) or, best of all, liquid nitrogen (— I96*C) Indeed, 
the cold trap also acts as a pump for condensable sapours, and so 
overlaps m Us function with that of the cryogenic pump or cryopump 
However, the latter term is reserved here for pumps utilizing surfaces 
cooled by liquid hydrogen or liquid helium able to sorb gases con- 
sidered ‘permanent’ at room temperature (section 1 16) 

A cold trap is essential if a mercury vapour pump is used, and if it is 
required to reduce the total pressure in the chamber to below the 



Fig 21 A molecular sieve baflle for use above an oil vapour diffusion pump 

'iipvas sxivttTj st-tm SrrwpenAurc 

cooled cold traps are also becoming widely used with oil vapour 

diffusion pumps in ultra-high vacuum systems (section 3 8) 

Fig 22 shows some designsofglasscold trap T>pes (a) and (6) are 
immersed m a Dewar flask filled with the liquid coolant The first is 
suitable for inclusion in the connection to a McLeod gauge (section 
2 3), to reduce to an insignificant level the vapour pressure within the 
system due to the gauge mercury; and the second is widely used in 
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general-purpose, glass, laboratory systems with a mercury diffusion 
pump for attaining pressures down to 10“'^ torr (section 3.6). Fig. 
22(c) is a re-entrant design in which the central spherical vessel con- 
tains the liquid coolant. It forms a convenient alternative to (b) but 
provides a more difBcuIt fabrication problem for the glass-blower. 




Fig. 22(d) shows an excellent design due to Venema and Bandringa 
[21] in which, as compared with (c), both glass walls, between which 
the mercury or oil vapour passes, are effectively cooled to — 196°C by 
filling with liquid nitrogen. 

Metal cold traps, best made of Inconel or 18/8 stainless steel, are 
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now widely used not only on large metal oil and mercury vapour 
diffusion pumps but also on smaller pumps (mouth diameter of 2 to 
3 inch) where ultra high vacua arc required in a bakcable system 
(section 3 8) Fig 23 shows (o) a comcnient general purpose design, 
{b) a model offering the attractne facility that it can be readily dis 
mantled for cleaning and (r) a design with an anti-creep skirt due to 




Post (22) to minimize the probability that pump oil sapour or its 
decomposition products will enter the chamber by migrating along 
the outer region of the trap where the temperature is higher than at 
the central liquid nitrogen container To reduce loss of the liquid 
nitrogen by evaporation and to ensure trap surfaces which are not 
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difficult to clean, the outer surface of the reservoir and the inner sur- 
face of the housing should both be highly polished. Roughly, the rate 
of loss of liquid nitrogen from such a cold trap, of outside diameter 
10 cm, is 100 cu cm per hour. -1 ^ [< '7 

Solid carbon dioxide (‘dry ice’) is a cheap coolant which is crushed 
into small fragments and made into a sludge with acetone or tri- 
chlorethylene or methyl cellosolve. It provides a minimum tempera- 
ture in the trap of — 78°C, at which the saturated vapour pressure of 
mercury is 10"® torr, and that of water is 5xI0~* torn It is not 
recommended except for small, glass, laboratory systems where an 
ultimate pressure of 10"® torr is adequate, and should not be used in 
ultra-high vacuum systems. _ 

Liquid air (— 183°C) and liquid nitrogen ( — ]96°C) are both excel- 
lent for cold traps, but so-called liquid air is chiefly liquid oxygen and 
hence supports combustion and is capable of violent explosive reac- 
tion with oils. Liquid air should therefore not be used in a glass cold 
trap above a glass oil diffusion pump, but is safe enough if a mercury 
pump is employed (presuming that the liquid air is not allowed to 
reach the oil in the mechanical backing pump !). Provided reasonable 
precautions are adopted, however, liquid air can be used in a metal 
cold trap above a metal vapour pump, though liquid nitrogen (often 
not so readily available) is undoubtedly preferable. 

A problem with cold traps is that mercury or oil from the vapour 
pump may reach the upper part of the trap. Even a tiny speck of mer- 
cury at the top of a glass trap of the design shown in Fig. 22(c) will 
prevent ultra-high vacua being attained, as this section of the trap is 
clearly at a considerably higher temperature than — 1 96°C, having a 
liquid-nitrogen filling. Furthermore, and especially in systems inten- 
ded to attain pressures below 10 torr, it is important that the level 
of the liquid coolant is not allowed to fall unduly, leaving the upper 
parts of the trap ineffectively refrigerated. This is a difficulty with 
plant which is kept under vacuum overnight. Even though the trap 
can be isolated from the chamber by a vacuum valve, dropping of the 
coolant level, or its complete evaporation, will leave trap surfaces 
which release some of their previously condensed vapours. The 
remedy is to provide a trap of sufficient capacity so that it does not 
lose more than half its coolant over a period of about 1 5 hour. The 
metal traps shown in Fig. 23 are satisfactory in this respect, in sizes 
above 12 inch length and 4 inch outside diameter. The best practice, 
however, is undoubtedly to use a liquid-nitrogen-leveller device, the 
purpose of which is to maintain the level of the liquid gas in the trap 
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abo\c a ceriam minimum when the vacuum system is left standing 
over Jong periods For good, standard, ultra-high vacuum vs orlc, such 
a provision is a necessity to ensure continuous day-to-day use with- 
out trap problems 

Many designs of leveller have been described in the literature; 
several of them do not really work satisfactorily! Commercial designs 
arc also available. A useful one which has b«n found reliable and 



Fig 24 A liquid-nitrogen (or air) kvcllcr based on the use of a thermistor. 
(When swilch S is closed, the relay and magnetic vaisc arc closed, heater is on 
and liquid nitrogen is delivered to the trap On overflow from the trap of the 
liquid nitrogen, the thermistor cools, its resistance increases and the relay is de- 
energized, so the magnetic valve opens, the heater ts switched off, and the liquid 
nitrogen Bow ceases This sequence is repeated at a subsequent tune decided by 
the period of resolution (c g 60 min) of the clock motor ) 

cheap to construct is based on the use of o thermistor in conjunction 
with an electric heater, in a Dewar flask containing the liquid gas, and 
an electromagnctically-operafcd valve (23J Its operation is explained 
in Fig. 24, 

A cold trap will act as a pump for condensable vapours With a 
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filling of liquid air or liquid nitrogen, the chief action in this respect 
in most vacuxnn systems is that water vapour is pumped. 

1.12. The Molecular Drag Pump 

In 1912, Gaede [24] introduced the molecular drag pump, which 
operated relative to a backing pressure of the order of 1 torr, obtained 
by a mechanical pump, and which provided at its intake port a pres- 
sure of 10"® torr and below. The action of this pmnp relies upon 
moving a metal surface very rapidly adjacent to a stationary surface. 
Within a sufficiently narrow gap between the two surfaces, the gas 
molecules present acquire momentum in the direction of the moving 
surface, because, on impact, they receive significant directed com- 
ponents of velocity. The dragging force exerted on the gas molecules 
establishes a pressure gradient and pumping action. However, for 
effective operation, the speed of the moving surface (obtained as that 
of a high-speed rotor) has to be very high to give a significant one- 
way motion to gas molecules having kinetic speeds of the order of 
500 metre per sec at room temperature. The separation between the 
moving surface and the stationary one has to be very small because 
the equation applicable at viscous pressures is 

Pt-Pi = 6Iojrjld’^ (1-14) 

and at molecular pressures it is 

PJP2 = 6®“ (1.15) 

where is the backing pressure, pz the intake (high vacuum) pres- 
sure; I is the length of the path between the two pressure regions ; w is 
the angular velocity of the rotor; d is the separation between the rotor 
surface and the stationary one (i.e. the stator surface); is the co- 
efficient of viscosity of the gas; and h is a constant, which decreases 
with the molecular weight of the gas and increases with decrease of d. 

A satisfactory pumping speed can therefore only be obtained with 
rotor speeds of 5,000 r.p.m. or more, and with very small values of d. 

In 1923, Holweck [25] designed an improved version of Gaede’s 
pump, in which the rapidly moving member was in the form of an 
induction-motor-driven duralumin cylinder rotating at about 5,000 
r.p.m. inside a bronze stator provided with spiral groves. The clear- 
ance between the rotor and stator had to be 0-02 to 0-05 mm though 
the spiral grooves had depths increasing from 0-5 mm at the backing 
pressure region of the pump to 5 mm at the high vacuum intake 
region. Siegbahn [26], in 1943, introduced a molecular drag pump in 
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vvhich the high speed c>bndncal rotor of Holv-eck N'as replaced by a 
disc drnen at approximately 10,000 rp m, within a narrow cjlindn* 
cal casing With a disc diameter of 54 cm, a speed of 60 to 80 litre per 
sec for air was achieved at 8,000 rp m . at intaLc pressures of 10'* 
to 10'* torr and discharge to a backing pressure of about 1 torr 
The molecular drag pump has the great advantage of freedom from 
a pump fluid, and hence no back-streaming, it ts consequently able to 
provide a 'clean* vacuum without the use of a cold trap However, 
though the Hotvveck and Siegbahn types were used to some extent up 
to 1950, they did not prove popular t^cause of mechanical problems 
associated with the high-s 7 >ced dnvc, and because the small rotor- 
stator clearances demanded rendered the rotor liable to seirure on 



non-umform thermal expansion, entry of small foreign solid particles, 
and even on a sudden inlet of gas 
Since 1958, however, mterest m the molecular drag pump has been 
revived wiUi the advent of Becker’s pump [27], sometimes called a 
tutbo-molccular pump, which was made in Germany by Pfeiffer 
GmbH of Wetzlar This new design av olds the problems of rotor 
seirure, because rotor-stator clearances of I mm are used, the rotor 
drive can then be at about 16.000 r p m 
The operation of Becker’s pump is indicated schematically by Fig 
25(fl) Likt Holweck’s pump, the housing is a metal cylinder, but 
otherw isc it is considerably dilTcrent The rotor is m the form of tw o 
sets of parallel, separated, slotted discs, with twenty discs m each set 
(Fig 26) This IS driven from the axial ball-bcanng-mounted shaft, 
so that these slotted spimung rotor discs arc interleaved between 
similar stationary discs attached to the cylindrical pump housing 
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The intake port (high vacuum side) of the pump is at I, with direct 
access to the region between the two sets of discs. The entering gas 
divides syimnetrically into two streams, one to each of the two sets of 
rotor-stator discs. The discharge of the gas from tlie ends of the disc 
assemblies (left- and right-hand sides of Fig. 25d) is through a pair of 
pipes which join at D, the discharge outlet port, to which the mechani- 
cal backing pump is connected. 

To provide ready passage through the disc assemblies and to impart 
momentum to the gas molecules towards the backing region, both the 
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Fig. 26. The rotor of Becker’s molecular drag pump. 


rotor and the stator discs are provided with a large number of radial 
slots (Fig. 26). The arrangement of these angled slots is shown 
schematically in Fig. 25(6). A rotor disc has everywhere an adjacent 
stator disc. The slits in the stator discs are inclined in the opposite 
way to those in the adjacent rotor discs, i.e. the inclined slots in the 
stator discs are mirror images of those in the rotor discs. Consider a 
slot A in the first stator disc Si. The wall, 1 , of this slot forms a wedge- 
shaped channel with the surface of the adjacent rotor disc, Rj. As Rj 

moves in the direction of the arrow, gas molecules are driven in this 
3 + 
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same direction The wall ! In slot D of rotor disc Ri also forms a 
ttcdgc shaped channel with the surface of the stator disc Si, again 
resulting m gas being driven m the same direction as before This 
action takes place similarly in the rest of the disc assembly With 
discs a few ram thick, only a short channel is provided between discs, 
and consequently only small pressure di/Tcrenccs are attained How- 
ever, with several discs, each containing many radial slots, all acting 
additively, a large total pressure dilTcrcnce between the intake and dis- 
charge ports IS established With a small pressure difference across 
only one pair of discs, the separation between neighbouring discs 
(compare the separauon d, in equations (1 14) and (1 15), where 
Pi—Pi IS small) can be 1 mm or more, without impairing the pump 
performance The radial clearance between the rotor and the housing 
can also be 1 mm or mote The problems of rotor seiiure encountered 
in previous molecular drag pumps with their much smaller clearances 
are therefore largely eliminated If the angle between the slot and the 
surface of the disc is decreased, a higher ratio of intake to discharge 
pressure is achieved, but the pumping speed is smaller Hence, the 
discs near the centre of the pump, where the high vacuum intake port 
IS situated, have large slot to-surface angles to ensure high pumping 
speed Whereas the outer discs, near the backing pressure region 
have slots at smaller angles to cope with the larger pressure ratios 
prevailing at the higher backing pressure 

Becker gives results for a pump with a rotor diameter of 17 cm and 
overall length of €5 cm, driven at 16,000 r p m. by an external a c 
motor ofO 3 kW m a system built of welded steel with metal gaskets 
and seals The pumping speed for air is constant below 10~* torr at 
500 cu metre per hour (140 litre per sec) With a backing pressure of 
10“* torr, an intake pressure of lO’* torr is achieved, if the backing 
pressure is reduced to 5 x 10’’ torr, on ultimate pressure of 5x 10*‘® 
IS attained (suitable bake out is presumably practised), the residual 
gas being hjdrogen The compression ratio (pressure at discharge/ 
pressure at intake) provided by this pump is 1 5 x lO’ for air, but only 
250 for hydrogen due to the smaller molecular weight of hydrogen 
(see equation 1 15) 

The low compression ratio for h>drogen means that hydrogen will 
back-diffuse m this pump, so fonning the chief contribution to the 
ultimate pressure at about 10‘* torr, despite the fact that thepumpmg 
speed for hydrogen is some 20% greater than for air because the light 
hydrogen molecules acquire greater speeds for a given solid surface 
impact. Sorption and desorption of gases from thepump and chamber 
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walls play an important role in the operation of this Becker pump. In 
particular, the inlet of moist air should be avoided as far as possible, 
as it is likely to prolong, by a factor of about 10, the pumping time 
down to 10"® torn 

The Becker molecular drag pump is promising (though rather ex- 
pensive) in application to the problems of creating a ‘clean’ vacuum 
in such applications as pumping particle accelerators (especially as an 
intermediary between a getter-ion pump and a mechanical pump), 
large electron tubes, and mass spectrometers. But it is important to 
realize that oil from the mechanical backing pump can still reach the 
chamber unless an oil-vapour trap is included between the backing 
piunp and the molecular pump. 

1.13. The Roots Pump 

The Roots pump used for the production of vacua is a comparatively 
recent development of a principle which has been apphed to blowers 
for many years. It is a particularly useful pump for handling large 
quantities of gas in the pressure region between 10 and 10 torr, and 
so rivals the vapour ejector pump (section 1.7), though its capital cost 
is higher. It is backed by an oil-sealed mechanical rotary pump, and 
is of real value in large-scale engineering vacuum plants rather than 
laboratory-size systems. 

In the Roots pump (Fig. 27), two figure-of-eight-shaped rotors or 
impellers mounted on parallel drive axles intermesh, with a small 
minimum clearance between them of about OT mm. These rotors are 
driven in opposite directions at about 2,000 to 4,000 r.p.m. within a 
close-fitting housing; the drives to the impellers are synchronized by 
the use of timing gears. The gears and bearings are in water-cooled 
housings outside the main stator casing of the pump, with driving 
shafts to the rotors through seals in the stator end cover and with an 
external electric motor. 

Consider that point in the rotation of the impellers where one 
impeller, Rj, is vertical and the other horizontal as shown in Fig. 
27(fl). With the directions of rotation as shown by the arrows, i.e. Rj 
anticlockwise and Rg cloclavise, the intake port (high vacuum side) of 
the pump is to the right at I, and the discharge is to the left at D, 
where the backing pump is coimected. After 90° of rotation, Ri is 
horizontal and Rg vertical (Fig. 21b), and some of the gas which was 
within the shaded volume of Fig. 27(a) connected to the intake port 
(and so the chamber) becomes isolated within the cross-hatched 
region of Fig. 27(6), between the pump housing and the impeller Rj. 
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This temporarily trapped gas cannot easily escape because the mini- 
mum clearance (at points 1, 2, and 3) between the impeller surfaces 
and the housing is only about 0 2 mm- Further, the discharge backing 



rig 27 Tlie Roots pump 


region is isolated from the intake region by the ‘ slot’ ofabout 0 I mm 
width between Ri and Rj. On further rotation of Rj and Rj, this 
temporarily trapped gas is expelled to the discharge outlet; there it 
is compressed, because of the higher backing region pressure pre- 
vailing, and conveyed to the atmosphere by the mechanical backing 
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pump. This process will occur with both impellers in turn; two 
‘samples’ of the gas of volume represented by the cross-hatched 
region of Fig. n(b) being discharged for each complete revolution of 
one of the impellers. 

The impellers can be rotated at much higher speeds than in an oil- 
sealed mechanical pump because they do not touch one another: 
2,000 r.p.m. is generally used for larger Roots pumps and up to 4,000 
for smaller ones. Hence, very large pumping speeds can be obtained, 
though there will be back-diffusion of gas from the backing to the 
high vacuum side because of the finite gap clearances between the 
impellers. This backward streaming of gas will increase the higher 
the pressure ratio PnlPi (where /»d is the pressure at tlie discharge to the 
backing pump and pi is the intake pressure to the Roots pump). 
However, there is an advantage in that the impedance to gas flow 
afforded by the clearance gap between the impellers will increase as 
the pressure pi decreases, because then the m.f.p. of the gas molecules 
becomes longer and intermolecular collisions become insignificant. 
With discharge to the atmosphere - which is possible - the compres- 
sion ratio is thus limited to 3 or 4; with a backing pressure of 1 torr, 
the compression ratio can readily be 10; whilst in the region of 10"® 
torr, it can be more than 50. 

The compression of the gas in a Roots pump will cause heating; it 
is not easy to convey this heat away and there is no oil-filling to assist. 
Excessive temperature rise could cause thermal expansion of the 
impellers, resulting in seizure. Clearly, the handling of large quan- 
tities of gas at high intake and discharge pressures would result in 
greater heat development; indeed, for most purposes the maximum 
difference of pressure across the Roots pump is limited to 50 torr. To 
avoid over-heating, some larger models have water-cooled plates in 
the discharge outlet, and others have cooling oil circulated through 
hollow axles to the impellers. But the usual procedure to avoid over- 
heating, and to avoid the use of an excessively large motor drive to 
the Roots pump, is to reduce the amount of gas compressed, by not 
bringing the Roots pump into fuU operation until the intake pressure 
has been reduced to 10 torr or less by the mechanical backing pump. 

To do this, one of the following methods is usually employed. 

ifl) Set up the Roots pump and the oil-sealed mechanical backing 
pump as in Fig. 28, with the vacuum valve V initially open and the 
Roots pump idle. Evacuate the system to 1 to 10 torr by the backing 
pump alone, close valve V, and switch on the Roots pump. 
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(6) Control the action of the Roots puinp motor by a pressure- 
actuated swlch, so that the mechanical pump operates alone until the 
pressure is below, say, 1 torr Meanwhile, during the pressure reduc- 
tion from 760 to 1 torr, cither the Roots pump motor ts off and the 
impellers simply ‘windmill’m the gas stream or the Roots pump is by- 
passed by a tube containing a pressure ntonitorcd sacuum valw 
When the chamber pressures decrease to 1 torr, the Roots pump 
motor is sssitched on and, if used, the by pass ^’alve is closed 
(c) The Roots pump drnc is through a torque limiting dcMCC, such 
as a h>drauhc torque comerter or a fluid flywheel Both pumps are 
switched on together, but the speed of the Roots pump is imlially 





Fif 28 Operation of a Roots pump with an od sealed mechanjcal backins 
pump 

limited to a maximum safe torque until, as (he pressure drops, full 
drive IS attained This practic® is adopted tn the Roots pumps 
(mechanical booster pumps) roarheted by Edwards High Vacuum 
Ltd 

(d) Balzcrs (Liechtenstein) Roots pumps incorporate an electneal 
contact controlled by thermal expansion of the rotating impellers 
relatiNe to the casing, ifthcmial overload is approached, this contact 
taps the motor switch, so shutting down the pump 

The Roots pump will not suffer back streaming difliculties like the 
oil vapour pumps, though there may be leakage of oil through 
the seal around the shaft to the external timing gear mechanism. 
The mechamcal backing pump oil vapour can, however, enter the 
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chamber via the Roots pump, though its effective vapour pressure 
will be noticeably reduced compared with using the oil-sealed 
mechanical pump alone. An oil vapour trap between the Roots pump 
and the mechanical pump is therefore advantageous. 

Roots pumps are often used in series, one backing the other in a 
two-stage arrangement able to provide an overall compression ratio 
of 100 or more. Two-stage Roots pumps with a gas-ballast oil- 
sealed mechanical pump providing a backing pressure of 10"° torr 
can attain an ultimate intake pressure of 10"* torr or below, this 
ultimate being primarily due to oil vapour pressure. 

The pumping of a certain mass of gas per sec corresponds to the 
throughput of a certain amount expressed as a pressure-volume 
product. Assmning a usual compression ratio in a Roots pmnp of 10, 
it is clear that the speed at the backing pressure of the mechanical 
backing pump need only be of the speed of the Roots pump at its 
intake pressure. Thus, the handling of large quantities of gas, par- 
ticularly in the pressure range from 10"^ to 1 torr, is possible using 
the Roots pump with a mechanical pump of about the capacity 
that would be needed if it were used alone. In this respect, a Roots 
pump is often of advantage in large installations as an intermediary 
between a diffusion pump and a mechanical backing pump, because 
a comparatively small mechanical pump can be used. 

Roots pumps are available from most vacuum equipment manu- 
facturers, in sizes ranging from those with speeds of 20 litre per sec 
up to large installations having speeds of 23,500 litre per sec (50,000 
cu foot per min). Typical intermediate size models are the R 150 and 
R 152 of Heraeus G.m.b.H. of Hanau, Germany: both have a speed 
of 41 litre per sec. The single-stage type, R 150, is able to provide an 
ultimate pressure of 10"* torr, whilst the two-stage R 152 achieves 
5x 10"® torr. In both cases, the maximum intake pressure tolerable 
is 20 torr. Fig. 29 shows their pumping speed against intake pressure 
characteristics when operated with a mechanical backing pump 
having a free air displacement of 420 litre per min. 

Roots pumps are particularly useful in large installations for 
vacuum furnaces, impregnation plant, vacuum stills and concen- 
trators, vacuum drying, and evacuating space simulators. In compari- 
son with their chief rival, the vapour ejector pump, they are more 
expensive, and liable to damage on the entry of foreign solid particles, 
but are more compact, give less difficulty from oil vapour entering the 
chamber, and are less affected by sudden in-rushes of gas. In general, 
the Roots pump is a good choice for pumping large quantities of gas 
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tti the pressure range from lO'* lo 10 torr Between 10'* and 10'* 
torr, the NTjpour ejector pump is preferred, whilst above 10 torr, the 
Oil sealed mechanical pump is usually best The last pump is also 
usually preferable to the Roots pump if the required speed does not 
exceed about 100 litre per sec or 200 cu foot per min approximately 

I 1 4 Getter Pumps and Getter'hn Pumps 

When molecules of a gas or vapour impinge on a solid surface w 
tacuo, they may be sorbed, I e retained by the solid material Sorp- 
tion IS of two mam types adsorption m which the molecules are re- 



Fig 29 1^In1pl^gspced agoiful inUkepressurecturactemticsor (a) asingk 
stage and (6) a two-stage Roots pump 


tamed at the surface of the solid, and absorption, in which the 
molecules enter into the interior structure of the solid by a process of 
diffusion and/or solution The classification into phj’sical and chemi 
cal sorption is also important In the former, the binding forces be- 
tween the molecules of the gas and the solid are of the Van der Waal s 
type or of a polar nature, and arc comparatively weak In chemi- 
sorption, the incident gas combines with the surface atoms or molecules 
of the solid to form a chemical compound, and the binding forces arc 
comparatively strong The opposite process to sorption, known as 
desorption, is the release of gas by a solid It is sometimes difficult m 
practice to distinguish between adsorption and absorption, and even 
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between physical sorption and chemisorption. Physical sorption is 
increased by lowering the temperature of the. solid surface; it is a 
process akin to condensation of the molecules on the surface. 
Chemisorption, on the other hand, is in general increased by raising 
the temperature of the solid. 

The sorption of a gas by a solid is usually enchanced if the gas is 
ionized, and especially if the ions are accelerated. The sorption of 
oxygen by a reactive metal with which it forms oxides is little affected 
by ionization. However, physical adsorption, cases where diffusion 
of the gas into the metal occurs (e.g. with hydrogen), several cases of 
chemisorption, and, most important of all, the sorption of noble 
gases are significantly affected by ionizing the gas. 

Consider, for example, the inert noble gas neon. At a temperature 
T, this will have a most probable kinetic energy of kT, where k is 
Boltzmann’s constant equal to 1-38 x 10"^® erg ''per degC or 
1/11,600 eV per degC (since 1 electron-volt (eV) = l*6x 10“^^ erg). 
The neon atom (or any other gas molecule or atom) will conse- 
quently have a kinetic energy at 300°K (27°C) of 300/11,600 eV, i.e. 
0-026 eV. 

If the neon is iom'zed, the pair of ions formed consists of a positive 
ion, Ne'*', and an electron (negative ion formation is not possible in 
the inert gases, as the probability of an electron becoming attached to 
a neutral inert gas atom is zero). The positive ion formed no longer 
has an outermost closed electron shell, but a shell with one electron 
missing: it now readily acquires an electron to become neutral. On 
approaching a negatively-charged electrode (cathode) in a neon 
discharge, the positive neon ion will become neutralized in the im- 
mediate vicinity of the electrode by removing an electron from the 
electrode surface (an action demanding the work function energy of a 
few eV). If the cathode is at a negative potential of V with respect to 
the region where the positive ion was first formed, the neutralized 
positive ion, i.e. atom, will enter the electrode with an energy of FeV. 
With values of V of several hundred or thousand volt, it is clear that 
the atom can penetrate much more readily into the lattice structure of 
the metal with its energy of, say, 1,000 eV instead of the kinetic 
energy at room temperatures of only 0-026 eV. The extent of this 
penetration will depend on the size of the ion compared with the 
lattice spacing, and is thus more significant with the smaller atoms 
such as helium. 

If W molecules or ions of a gas or vapour impinge on 1 sq cm of a 
solid surface per sec, and aN of these molecules are sorbed, a is 



64 High Vacmitn Technique 

defined as the sticking cocfnctcnt, its value will depend on the nature 
and energy of the incident molecules or ions and on the nature and 
temperature of the solid surface The maximum possible value of o is 
clearly unity In the case of the noble gas atoms impinging on a metal 
surface at room temperature, it will be vanishingly small, if such gas 
atoms are lomzcd and accelerated in an electric field, a can become 
appreciable 

A getter IS a material (usually a metal) which is included m a 
vacuum system or chamber and reduces the gas pressure because 
molecules which reach it arc sorbed Once sorbed, it is vital, if tlie low 
pressure obtained is to be maintained, that subsequent desorption be 
very small The binding forces between the sorbed molecules and the 
getter therefore need to be large, so, in general chemisorption at the 
surface or the formation of a bulk chemical compound is the more 
important requirement Further, the metal gas combination formed 
must clearly have a low vapour pressure 

To ensure a hi^ rate ofgcttenng, i e pumping speed for the gas by 
the getter, the requirements are a large effective area of the getter and 
a high sticking cocfTicicnt The latter is normally only ensured by 
providing fresh films of the getter The usual procedure is therefore to 
heat the getter metal in the residual gas m a chamber at o pressure not 
exceeding 10'* torr (and usually below 10“® torr) so that it evapor- 
ates directly into the vapour state and a fresh film of the metal is 
deposited on a nearby cold surface The object is then that the pres- 
sure drops quickly below the imtia! pressure because of gas sorption 
by the getter In this gettenng action, two processes occur dls^rsal 
gcttcring, in which the gas is taken up whilst the getter is being vola- 
tihzed, 1 e whilst it is m the vapour state, and contact gcitering in 
which the metal film deposit^ on a surface will sorb incident 
molecules 

As an alternative to producing the getter film by evaporation in 
lacuo, the technique of cathodic sputtering may be cmplojcd At a 
gas pressure usually below I0~' torr (p 255), an electrical discharge 
IS set up between two electrodes m the gas by the application of a 
potential difference, V, across them generally exceeding 1,000 volt 
The positive ions created m the discharge impinge on the cathode 
with energies up to V cV and dislodge from the cathode atoms of its 
metal These are then deposited on surfaces in the v icinity, including 
the anode, a getter film of the cathode racial is thus obtained 

A wide vancty of metals can be volatilized m lacuo or sputtered m 
a discharge to give a thin film deposit (p 262) Several act as contact 
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getters in the bulk form when heated, but there are only a few metals 
which have useful gettering properties: barium, hafnium, molyb- 
denum, tantalum, thorium, titanium, tungsten, uranium, and zir- 
conium. Of these, only titanium and zirconium, but particularly the 
former, have been extensively used in the design of vacuum pumps, 
whilst barium is the most valuable getter in electron tube processing 
(p. 232). Barium has been employed in some prototype designs of 
vacuum pump, but these have not been made available commercially. 

The metal titanium with its extraordinary affinity for gas has thus 
been the first choice in the development of getter pumps. Titanium is 
available as a vacuum-melted metal in the form of wire or sheet con- 
taining approximately 0-008% by weight of hydrogen (i.e. 1 gram of 
this metal is able to release 6-5 x 10® litre of hydrogen at 10“® torr) 
so it is essential to degas it by heating to 1 ,300°C in vacuo before using 
it as a getter. Titanium has a melting point of I,660°C and a vapour 
pressure of 10"^ torr at 1,742°C. Its sorption properties for gases are 
summarized in Table 1.4, extracted from extensive data given for a 
variety of metals by Holland. [28], 

It follows from equation (3.7) that the rate at which nitrogen would 
be pumped by 1 sq cm of a surface which retained all the molecules 
incident upon it (i.e. sticking coefficient a = I ) would be 1 1 -7 litre per 
sec. From the Table 1.4, the fi^gure for nitrogen on a fresh film of 
titanium (1 sq cm in area) is 3-0 litre per sec, corresponding to a 
sticking factor of 3/11-7, i.e. 0-26. 

Three main types of pump have been introduced utilizing the 
gettering action of titanium: two are getter-ion pumps and the third 
is a sublimation or getter pump. All of them operate relative to a 
backing pressure established by either an oil-sealed mechanical pump 
or a sorption pump (section 1.15). 

There are two kinds of getter-ion pump: in the first, titanium is 
volatilized by heating it to a temperature of about 2,000°C in a back- 
ing vacuum of 10“^ torr or below, and the gas is ionized by electrons 
from a thermionic filament which are accelerated to a positive grid; 
in the second, titanium is sputtered from a cathode of this metal in a 
discharge in the gas (initially at a backing pressure of 10~^ torr or 
below) formed by applying a p.d. of 1,000 volt or more between the 
cathode and an anode. The first type is known as an evapor-ion pump 
(actually a trade name of the Consolidated Vacuum Corp., U.S.A.), 
and the second as a cold-cathode getter-ion pump or sputter-ion pump 
(Vaclon pump is a trade name of Varian Associates, U.S. A.). 

Large evapor-ion pumps of intake port diameter 12 inch or more. 
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having speeds of several hundred litre per sec, have been built, in 
which titanium wire is fed continuously onto a tungsten-tantalum 
alloy post heated by electron bombardment. Though these pumps 
have been used in proton-synchrotron vacuum systems (Gould and 
Dryden [29]), it would seem unlikely that they will survive in com- 
petition with the more convenient cold-cathode getter-ion pump. 

However, the evapor-ion pump in smaller sizes is still used con- 
siderably. The type shown in Fig. 30 is essentially a development from 
the Bayard-Alpert hot-cathode ionization gauge (section 2.7). Two 
tungsten filaments, F and F^, are arranged as shown outside the 
cylindrical grid G within the glass envelope. Along the axis of G is a 



Fig. 30. A small evapor-ion pump (Mullard Ltd.). 

thin wire ion collector electrode, C. The hairpin-shaped tungsten fila- 
ment, F, is heated to about 2,500'’C by the passage of electric current 
(6 amp). It emits electrons which are accelerated to the grid G, which 
is maintained at 200 volt (grid current 7g= 10 mA) with respect to F. 
The spiral tungsten filament, F^, is loaded with zirconium wire coiled 
tightly round the tungsten. On heating F^ to about 2,000°C by the 
passage of electric current (maximum 18 amp), the zirconium evapor- 
ates and is deposited in the form of a thin film on the inside wall of 
the glass envelope. This film will getter the active gases and also, to a 
smaller extent, the inert gases, because of the ionization caused by 
electron impact. The central ion collector electrode, C, is at a poten- 
tial of —100 volt with respect to F, the filament. 

The pumping speed is approximately 0-3 litre per sec for air. To 
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attain the ultimate pressure of lO”" ton or below, of which these 
pumps are capable, the procedure is first to establish a pressure of 
about lO" ® torr by a vapour diffusion pump m the chamber, to which 
the evapor ion pump is attached as an appendage The chamber and 
pump arc then baked until, on subsequent cooling the pressure is 
10"’ ton or below The filament F is thenheatcd«ithacuncntof8 
amp and a potential of about 300 \oIt is applied to grid G, so that the 
grid current is some 150 mA, the power dissipated m G by electron 
bombardment is then about 45 watt, sufficient to make it red hot 
This heating is conunued for 30 mm, meanwhile, the filament F, is 
heated byacurrcntof4amp,iodcgasit Thcevapor ion pump is then 
allowed to cool It and the chamber are isolated from the diffusion 
pump by closing a bakeable metal valve or by sealing-off at a con- 
striction in a glass tube The evapor ion pump is run at recommended 
potentials and cunents to cause getter ion action and reduce the 
chamber pressure to the ultra high vacuum region The getter fila- 
ment r* can cither be operated continuously at 5 to 6 amp or inter- 
mittently at 8 amp 

In the cold-cathode getter ion pump or sputter ion pump (Hall 
(30] Jepsen a iilamum getter film is deposited by sputtering 
from a cathode of this metal However, it w ould be of Lttle use simply 
to set up plane parallel electrodes of titanium in the residual gas at, 
say, 10 ^ torr and apply a potential difference across these electrodes 
Although a discharge would take place in the gas and the cathode 
would be sputtered by the incident positne ions formed tn the dis 
charge, it would not be possible to sustain adequate lomzation at 
pressures below 10”* torr, where the electron m fp is about 300 cm 
(section 1 1), considerably greater than a con\ ement electrode separa- 
tion The cold-cathode getter ion pump is therefore based on a 
Penning discharge (cf the Penning gauge, section 2 6), in which the 
ionized gas between a pair of anodes and a cylmdn^ cathode be- 
tween them IS confined wiihm a magnetic field The essential arrange- 
ment of a single-cell pump is hence as shown in Fig 31 Thcparallcl 
disk shaped plane cathodes, CQ have symraetncally betw ecn them a 
cylindrical anode. A, within a glass or stainless steel envelope A 
uniform magnetic field of fiux density, S, is established, with its lines 
of force along the common axis of symmetry of CC and A The 
cathodes CC are of titanium sheet about I mm thick and the anode is 
also usually titanium but may be of non magnetic alloy or copper 
The p d between the anode and the common cathodes is about 2,000 
volt and the magnetic (lux density about 2 000 gauss 
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The full mathematical theory of the Penning discharge is very com- 
plex, and for the getter-ion pump of this type it has not been fully 
worked out. However, simple equations indicate the important con- 
cepts. When the p.d. is established across the electrodes in the residual 
gas, a discharge will be set up and positive ions will travel towards the 
cathodes, whilst electrons will tend to move to the anode. The 
majority of the electrons can only reach the anode by having a com- 
ponent of velocity perpendicular to the axis of the system and so to 
the magnetic field lines. The maximum velocity which the electrons 
can acquire is v, given by 

V = V(2Ve/m) (1.16) 



Fig. 31. The principle of the single-cell cold-cathode getter-ion pump. 


where V is the anode-cathode p.d., e is the electron charge and m its 
mass. 

Consider the extreme case where the electrons initially travel per- 
pendicularly to the direction of the magnetic field lines with this 
velocity v. Within the flux density B, they will execute spiral paths 
with a radius R given by 


R — mvjBe 

Substituting for v from equation (1.16) gives 


(I.I7) 


R = V{2Vm]e)IB 
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The majority of the electrons will not ha%e such ncIociIjcs perpen 
djcular to the magnetic field lines, and hence will be confined to 
spirals of esen smaller radii, because R decreases with the perpen 
dicular selocily component It is readily seen, therefore, that most of 
the electrons arc confined to spiral paths having axes along or at 
small angles to the axis of symmetry of the electrodes Consequently, 
they do not readily reach the anode, but oscillate backwards and for 
wards between the cathodes in tight spiral paths before finally being 
trapped by the anode The paths of the electrons jn the gas are there- 
fore sery much longer than the distance between the electrodes and 
compare with the m f p *s of electrons in the gas estn at V'cry low 
pressures Ionization of the gas by the electrons therefore persists 
down to pressures of lO" torr and below in a Penning discharge, as 
compared with an effectnelimitata pressure of about 10 * torr m a 
cold-cathode discharge not confined in a magnetic field 

^VIthm a gaseous discharge, it is the electrons which cause loniza 
(ion, the positive ions have little direct tonizingabtliiy, but do cause 
electrons to be ejected from the cathode on impact, which then add to 
the number of ionizing electrons available The positiv e ions are much 
heavier than the electrons , for example, the positive ion of the nitro- 
gen molecule, Nj*. will have a mass 28 X 1,837, i e 5 14 x 10* limes 
that of the electron Equation (I 17) shows that, foragiven accelera- 
ting potential V, the radius of curvature R of the particle path is 
proportional to \/m, where m is the particle mass The nitrogen ions 
will therefore travel along paths of which the maximum radii of 
curvature are lO^v/5 14 or about 164 times those of the electrons, 
that IS about 12 cm The positive ions moving near the axis will be 
more lightly spiralled than this, but it is seen from the geometry of 
■fne di«hro6csfnaf<ney*navcno hfflicuily m reaching almost Sirecliy 
the cathodes at either end of the anode 
At the cathodes, the positive ions arriving with energies of V cY 
(for singly charged ions), where I'is 2,000 volt or more, will have the 
following actions ejection of titanium atoms (sputtering), ejection 
of electrons (which assist the ionization), ejection ofpreviously sor 
bed gas at the cathode surfaces (gas sputtering) Some of the positive 
ions will also become sorbed at the cathode and so assist in r^ucing 
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the pressure in the device. This catliode sorption is important for the 
inert gases. But the chief cause of gas sorption of the predominant 
active gases is gettering by the sputtered titanium film which, within 
the almost enclosed electrode arrangement, will be chiefly deposited 
on the anode. Thus, tlie device acts as a pump where the gas is mostly 
finally sorbed at tlie anode in the form of a titanium compound (e.g. 
oxide for oxygen and nitride for nitrogen), whilst the inert gases are 
about 90% sorbed in the cathodes. 

Small, single-cell, cold-catliode getter-ion pumps are available 
commercially with speeds of 1 to 2 litre per sec (e.g. Milliard VPP-2) 
and are used like the small evapor-ion pumps as appendages to 
vacuum chambers. The multi-cell pumps having an ‘egg-box’ anode 
between large titanium plate cathodes with a stainless steel casing 
(Fig. 32) have, however, brought this type of pump to considerable 
prominence in recent years. Initially, they were developed com- 
mercially by Varian Associates in America. Such pumps are now 
available in a wide range of sizes from a number of manufacturers. 
They have pumping speeds for air from 5 to 5,000 litre per sec, anode- 
cathode potentials of 2,000 to 10,000 volt, and magnetic flux densities 
usually about 2,000 gauss conveniently supplied by permanent mag- 
net assemblies directly attached to the exterior of the pump casing. 
The pumping speed of the smaller designs is limited to some extent by 
the small conductance paths to the interior of the electrodes, but this 
is avoided in larger designs by incorporating the electrode cell units 
ivithin the inner wall of an essentially cylindrical housing. 

These pumps have the following advantages. 

(a) There is no fluid as in a vapour diffusion pump, so back-stream- 
ing is not possible. Hence, cold traps and baffles are not necessary and 
the vacuum obtained is ‘dry’. 

Q}) The pumping speed is essentially constant from 10"® down to 
10“® torr (Fig. 32c). The ultimate pressure can be reduced to 10"^° 
torr provided the chamber and the pump are subjected to bake-out, 
and, of course, provided gaskets and other components used have in- 
significant outgassing after bake-out. The pump itself can be baked 
under vacuum to 400°C provided the magnets are removed; with the 
magnets in place, baking to 250‘’C is possible with some designs. 

(c) The pressure attained for a given gas is directly proportional to 
the discharge current. Providing calibration is undertaken, the 
measurement of the current through the pump by a suitable meter in 
series ivith the power-pack can be used to measure the pressure; so 
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cathode getter-ion pump, (c) Typical pumping ip^ against pressure charac* 
teiutic. 

the pump can act as its own gauge. It most be stressed, however, that 
misleading results can be obtained by this practice because the pres* 
sure in the chamber to be evacuated may be different from that in the 
pump; also the calibration depends on the gases present. Monitoring 
of the pressure-dependent discharge current can also be used as the 
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basis of a leak-detection device (section 3.11) when these pumps are 
used. 

There are also the following disadvantages. 

(fl) The lifetime of the pump is proportional to the current in the 
discharge and the pressure attained. At a pressure of 10“® torr, this 
lifetime is between 10,000 and 50,000 hour, but this depends very 
much on the previous history of the pump. The life is limited by 
flaking-off from the anode of sputtered titanium accompanied by the 
release of gas and even metallic particles which short out the elec- 
trodes, and also the erosion of the cathode plates by sputtering. The 
difficulty is that the lifetime will only be 10 to 50 hour at 10“® torr, so 
it is essential to avoid unduly long pumping times in traversing the 
pressure region from the value provided by the backing pump down 
to 10"^ torr and below. In practice, this means that these pumps are 
not a satisfactory choice for vacuum plants in which considerable gas 
throughputs are handled, where the ultimate pressure is above lO'® 
torr, or where processes are undertaken requiring repeated operation 
cycles in which the chamber is let down to atmospheric pressure two, 
three, or more times a day. 

At higher pressures and discharge currents in the pump, the de- 
mands on the power-pack are considerable. A pump with a speed of 
150 litre per sec for air will pass such a small current at 10"® torr 
that the electrical load is only 10 watt, yet, at 10"* torr or more, the 
power dissipation will be 1,000 watt and above, leading to over- 
heating of the pump. Some models have water-cooled walls to cope 
with this, but the simple, usual practice is to ensure that the supply 
voltage falls off at higher load currents by providing a power-pack 
with sufficient internal resistance. 

{b) They are expensive compared with vapour diffusion pumps of 
the same capacity. 

(c) The operation is adversely affected severely by hydrocarbon 
vapours from an oil-sealed mechanical backing pump. To avoid this, 
either a cold trap is installed in the backing line between the getter- 
ion and the backing pump to condense out oil vapours, or, as is fre- 
quently the case, a sorption pump based on molecular sieve materials 
is used for backing (section 1.15). 

id) The discharge may be difficult to initiate at pressures below 
lO""^ torr, if the H.T. supply has been switched off temporarily. This 
is not generally a serious problem, 

(e) A phenomenon known as argon instability is often exhibited by 
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these pumps, jf they have pumped considerable quantities of air or 
inert gases The usual cause of Uus effect is pumping for se^ral daj’s 
against an air leaV, which limits the pressure attained to 10~* torr or 
above The atmosphere contains 093% by volume of argon. The 
pumping speed for the inert gases will be some 100 times smaller than 
for nitrogen and oxygen, consequently, the residual atmosphere m 
the pump at low pressures becomes enriched uith inert gases, par- 
ticularly argon, vv hich is nearly 500 times more plentiful in the atmos 
phere than all the remaining inert gases together The argon Viill be 
mostly pumped to the cathodes where tt will be physically adsorbed 
As further posiuv e ions of all the gases present arrive at the cathode, 
this adsorM argon may be released by gas sputtering The effect 
shows up as a sudden gas pressure pulse to J0“* torr or more, occur- 
ring fairly regularly at times separated by intcnals of anywhere be- 
tween several nun and several hours, depending on the prtvnous 
history of the pump 

Two ways of minimmng argon instability to a level where it ism 
significant are (a) to use a tnode design of coldothode getter-ton 
pump (Fig 33a) introduced by Brubaker {32), and (b) to machine a 
senes of channels in the cathodes of a diode design (Jepsen ei al [33]) 
(Fig. 336) The second version is preferred because the power supply 
arrangements are less complex 

When an accelerated positive ion arrives at a cathode, the sputter- 
ing ratio (number of metal atoms released to number of incident 
posiliv e ions per sq cm per sec) will increase with angle of inndence, 
I e be least for normal incidence (Webner {34D On the other hand, 
sorption of the ion by the cathode is greater the smaller the angle of 
incidence In the tnode pump, the perforated titanium cathodes have 
outside each of them an auxihary plate electrode of titanium at a posi 
live potential smaller than the anode potential Sputtenng of titamum 
will predominate at the perforated cathodes beciuse the ions stnke 
the walls of the perforations at large angles of incidence, whereas it 
will be less at the auxiliary electrodes beause there incidence is nor- 
mal and the posiUv c ion energies arc reduced by the positive potential 
However, inert gas sorption will be at the auxihary electrodes rather 
than at the cathodes, and these adsorbed gases are not only less likely 
to be released by arriving positive ions but arc also cov ered o\ er with 
sputtered titamum films from the cathodes 

In the diode design with channelled or slotted cathodes, the positive 
ions will be incident at glancing angles at the walls of these channels 
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Fig. 33. (fl) The triode cold-cathode getter-ion pump, (b) The diode pump 
with channelled cathodes. 


but along the normals to their bases. Hence, sputtering will occur 
chiefly from the walls, whereas inert gas sorption will occur chiefly at 
the bases of the channels. At these bases, desorption on further posi- 
tive ion incidence is less likely, and the sorbed gas wilt become 
plastered over with sputtered titanium films from the channel walls. 

Recently, considerable interest has been shown in the titanium 
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sublimation pump or getter pump This can provide very high speeds 
and forms a most promising and considerably more economical 
alternative to the c^■apor ton pump mth continuous titanium feed and 
Its attendant difficulties Causing [35] has desenbed a sublimation 
pump used to attain very high pumping speeds for h}drogen and its 
isotopes m thermonuclear research An aluminium cylindrical tanV of 
diameter 36 inch and height 36 inch contained a removable water 
cooled copper liner Nvhich lasted for ISO days This chamber is fint 
evacuated by a 6 inch diffusion pump separated from the tank by a 
freon-cooled baffle at -20*C and an isolation N'alvc The titaruum 
wire, ofdiameter0 03S inch, to be ev'aporated is coded in t^^o layers 
around the centre 7 inch length ofa tantalum rod, of total length 10 
inch and diameter 0 17 inch, with closely wound 0-03 inch diameter 
niobium v>irc between the titanium and the tantalum The evapora- 
tion of the titanium svas achtesrd by a current of about 500 amp 
through the loaded tantalum filament which had a p d or2 to 3 volt 
across n The niobium alloyed with the titanium on heating per 
mittmg faster evaporation About 3 gram of tiiamum per hour could 
be evaporated w ith a filament life of 4 hour A vacuum lock js pro- 
vided at the top of the sublimation pump to permit replacing the 
loaded filament as required 

The titanium film deposited on the water<ooled walls wdl have a 
pumping speed per unit area, due to gettenng action, depending on 
the sticking coefflcient of the gas molecules to the film and the num* 
ber of molecules incident per unit area per sec. Approximately, these 
speeds in hire per sec per sq cm for the various gases are CO, 10 2, 
COa, 4 65 , Hj, 3 1 , Nj 2 3 , Oj, ] 7, and zero for the inert gases and 
methane, with the walls at room temperature, and at pressures below 
3x10"’ torr Above this pressure, the speed falls off rapidly. In 
Clausing 8 pump with a deposited fUra area of about 28,0(W sq cm, 
the maximum speed obtained for h}drogen was about 80,000 litre per 
sec This speed is wiihm the pump chamber and would, of course, be 
considerably restneted if this pump were connected by a tube to a 
separate chamber Without bake out, the ultimate pressure obtained 
IS about 3x 10'* torr 

The inert gases are not pumped by the gettenng action of titanium, 
to ensure removal of these gases, the titanium sublimation pump is 
provided with an appendage m the form of a cold-cathode getter ion 
pump This addition combined with bake-out of the system enables 
ultimate pressures of 2xl0”* torr to be achieved (Holland and 
Harte (36]) 
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- The titanium sublimation pump combined with the cold-cathode 
getter-ion pump is a valuable assembly for achieving very high pump- 
ing speeds at pressures below 10“^ torr, and is likely to find wide 
application in nuclear engineering plants and to the pumping of space 
simulator chambers. Very low pressures are achievable by condensing 
the titanium on liquid-nitrogen-cooled walls. The development of 
this system in conjunction with liquid-helium or liquid-hydrogen 
cryopumping (section 1.16) forms a promising approach to the prob- 
lem of achieving ultra-high vacua in large chambers. 

1.15. Sorption Pumps 

A sorption pump (or trap) consists of a container with a filling of 
a renewable material, which has a large effective surface area and 
sorbs gas. Two materials useful for providing such a surface are 
activated charcoal and activated alumino-silicates, known as molecu- 
lar sieves. 

Sorption pumps based on one or other of these materials are use- 
ful alternatives in some circumstances to the oil-sealed mechanical 
pump, as a means of reducing the pressure in a chamber from atmos- 
pheric to about 3 X 10~^ torr, though this limit depends considerably 
on the construction and materials used. Their outstanding advantage 
over the mechanical pump is that there is no oil-filling and conse- 
quently no oil vapour. As a backing pump to the getter-ion pump, the 
performance of which is vitiated by the presence of oil, the sorption 
pump is therefore particularly attractive. It has led to considerable 
use of silent vacuum systems, with no moving parts, consisting of a 
cold-cathode pump with sorption pump. Indeed, in several labora- 
tories, such systems are much preferred for obtaining ultra-high 
vacua instead of the use of oil diffusion pumps with cold traps (section 
3.8). 

Activated charcoal is prepared by subjecting coconut-shell char- 
coal to a heat treatment, and then baking it in vacuo to drive out 
occluded gases. The resulting granular material then has an effective 
surface area of about 2,500 sq metre per gram. It will absorb gases at 
room temperature, but this sorption is greatly increased by lowering 
the temperature to that of liquid nitrogen at — 196°C. 

A molecular sieve material is generally preferred to activated char- 
coal in the recent development of sorption pumps because its sorption 
capacity is greater at low temperatures. It also has more consistent 
properties, and, unlike charcoal, the pellets used do not become 
readily transferred undesirably into parts of the vacuum system away 
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from the container The chief duadvantage of molecular sieve malen* 
als compared with charcoal is their considerably smaller thermal 
conducuvity they arc not so readily cooled throughout when in a 
container which is surrounded by liquid mtrogen m a Dewar 0ask 
The popular molecular sieve materials arc tjpes 4A, 5A, and 13A 
(Dntish Drug Houses), having pore diameters of 4, 5, and 13 Ang 
Strom units (1 A=10“* cm) respcctivxly Type 5A has been much 
used It IS a calcium atummo silicate, available as convemenlly 
handled pellets, the best being of the i inch size To provide effective 
pumping, this material is placed m a container which is immersed m 
a Dewar flask filled with liquid nitrogen or liquid air Two mam con 
sidcrations affect the container design the poor ihtnnal conductivity 
in relation to attaining a low temperature throughout the pellets, and 
the fact that, to achieve satisfactory pumping speed, the containing 



Fig 34 hotherms for aJsorplion of diy air by molecular sieve SA and by 
activated charcoal at — 196’C 


tube needs to have a wide bore to ensure ready 0ow of gas to the sor- 
bent These requirements are contradictory, the former demands a 
long narrow container and the latter a short wide one Bannock [37] 
used a container for the molecular sieve pellets m the form of a tube 
of thin walled copper nickel alloy to ensure good heat transfer, but 
stainless steel is a good alternative, and glass may be used This tube 
is best about 2 cm in diameter and 60 cm long To increase pumping 
capacity, a number of such conlamcrs arc used m parallel, each im- 
mersed in Its own Dewar flask containing liquid nitrogen. 

Adsorption isotherms for dry air, given by Bannock, compare 
molecubr sieve 5A with activated charcoal, at -■196*C(Fig 34), and 
are approximately straight lines on log log graph paper 
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A typical, simple, molecular sieve sorption pump attached to a 
chamber and acting as a backing pump to a cold-cathode getter-ion 
pump is shown in Fig. 35 (see also section 3.8). This is a particularly 
useful set-up, introduced first by Varian Associates Ltd., as the getter- 
ion pump is kept free of the oil vapour which a mechanical pump 
would produce. (Mainwaring [38] describes the advantages of using 
an Edwards EZ60 molecular sieve pump in conjimction with a carboa- 
bladed oil-free rotary backing pump, to evacuate to 10“^ torr, large 
systems subsequently evacuated by a sputter-ion pump.) As a sorp- 
tion pump can only adsorb a limited quantity of gas, after which it 
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Fig. 35. Vacuum system comprising a molecular sieve sorption pump used to 
establish a backing pressure for a cold-cathode getter-ion pump. 

will become saturated and begin to desorb, it is essential to provide 
an isolation valve between it and the getter-ion pump. This allows it 
to be periodically shut off, opened up to the atmosphere (after re- 
moving the liquid nitrogen!) then it desorbs the occluded gas, especi- 
ally if baked, or the sieve material is replaced, if required. A safety 
valve (which can be simply a neoprene bung in a side tube to the 
sorption pump for backing pressures down to 10“^ torr) is essential, 
because dangerous over-pressures of gas can build-up in the isolated 
pump withdrawn from the liquid nitrogen. 

Difficulties with the use of molecular sieve sorption pumps are: 

(i) that argon and hydrogen are much less readily pumped than 
oxygen and nitrogen, so a cold-cathode getter-ion pump backed by 
one of these devices may exhibit its argon instability (section 1.14); 
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(//) «Titcr vapour is preferentially sorbed and may achieve concen- 
UaUons in the molecular sieve wluch inlubil prematurely its sorption 
of other gases. 

To minimize (his second possibility* the molecular siev e material is 
removed periodically and heated to 350®C (but not above 500’C) for 
1 to 2 hour at atmospheric pressure, to remove water. It is then sealed 
from the atmosphere in a container, tf stored before use. 

Two molecular sieve pumps may be used in scries to achieve pres- 
sures much less than 10** tort. In a glass system comprising two 
molecular sieve 5A traps in scries separated by a greaseless glass stop- 
cock, the cooling of one of these traps with liquid air produced a 
pressure of2x 10“* torr, as recorded by a Pirani gauge in the second 
(rap. The stopcock was then closed and the second trap immersed in 
liquid air. 7116 pressure then decreased to 10"® torr and below, as 
recorded by a hot-cathode ionization gauge, w ilh a pumping speed for 
air at 10“* torr of 0 02 litre per sec per gram of molecular sieve 5A. 


1.16. Cryopumps 


Cryopumping >$ a technique in which a cooled surface at a tempera- 
ture r/K r/C+ 273) « exposed to the gases m the chamber 
to be ev acuated, on (he basis that gas molecules impinpng on this sur- 
face may be condensed there. The cold traps and sorption pumps 
already described are cry opumps in (his sense, but generally the term 
is used to denote those devices in which To*K. is so low that gases such 
as nitrogen and oxygen will be condensed. 

In practice, it is not w orthwhilc to use cryopumping for ev acuation 
of a chamber from atmospheric pressure but to pump first by conven- 
tional methods to about 10'* torr. Apart from other considerations 
discussed below, pumping from 760 torr W'ould result in excessive 
quantities of condensed gases and vapours on the cooled surface, 
which would introduce undesirable layers of poor thermal conduc- 
tivity. 

Assume that a gas of molecular weight M at a temperature T’K 
and molecular pressure p has a condensation coefheient of unity at a 
cooled surface of area A sq cm From equation (1,9) it follows that 
the number of molecules of this gas which arc condensed on the sur- 
face per sec is given by 


N 


pHA 

V(2trAfRr) 


( 1 . 18 ) 


As N molecules occupy a spccificvolume Fat a pressure p, where 
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pV=Kr, the volume occupied by N molecules at this pressure is 
NRTlpl^. Defining S, the speed of pumping by the cold surface 
(known as the cryopanel), as the volume of gas condensed per sec at 
a pressure p, it follows that S=(NRTA)/(pK), and on substituting 
for N from equation (1.9) 


Substituting R=8-314 x 10"^ erg per degC per mole and r=293°K 
(assuming that the gas in the space above the cold surface is at room 
temperature, implying that the area of this surface is small compared 
with the surface of the inner walls of the chamber in which it is 
situated) 


5 = 


6-25x10*^ 

VM 


cm'’ sec“^ 


= 62’5AI-\/M htre sec" ^ (1.20) 


A cold trap filled with liquid nitrogen, which has an effective sur- 
face area ^4 at a sufficiently low temperature to condense water vapour, 
will therefore have a speed of pumping of water vapour given 
by substituting M=18 (the molecular weight of H 2 O) in equa- 
tion (1.20) 

••• = 14-7^ Utre sec-^ 


If the condensation coefficient of the molecules at the cold surface 
is less than unity, the speed will be less than the value given by 
equation (1.20). As condensation coefficients are often not known 
with certainty, a preferable method of calculating the speed is to put 
Pi as the partial pressure of the condensable gas at the temperature T 
of the chamber as a whole, and pz as the partial pressure of this ga 
at the cold surface at temperature T^. The number of molecules 
arriving per sec at the cooled surface of area A is therefore Ni, given 
by equation (1.18) as 

" V(2^AfRr) 

corresponding, on the same reasoning as before, to an arrival pump- 
ing speed of 




NiRTA 

PiN UttM/ 


measured at the pressure pi. 
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The number of molecules leaving the cold surface is 

w 

*“ V^(2iril/R7 ) 

corresponding lo a speed measured at the pressure pi (the pressure 
in the chamber) of 



The net speed of pumping is therefore 

which, at 7=293®K (SO’C) and substituting for R, gixcs 

(IJl) 

Clearly, to achiesc eficctive crjopumping by means of a cold sur 
face, the vapour pressure of the condensed gas at the cold surface 
temperature must be much less than pi, the pressure of the gas in 
the chamber The ultimate pressure attainable wiU be pj as measured 
at the temperature T, This value of pa *s not usually simply the 
vapour pressure p« of the condensed gas at the temperature of the cold 
surface, because the way in which the condensate is bonded to the 
surface will have an influence Moreover, as regards the ultimate 
pressure as measured by a gauge wiihm the cryopump, it must be 
remembered that the cryopanel usually forms only a small fraction of 
the internal area of the system Therefore, gas molecules reaching the 
recording gauge are likely to have energies corresponding more to the 
temperature T of the system as a wrhole than to TV The ultimate 
pressure recorded will hence be decided chiefly by Pzs'iTIT^ 

The two most useful coolants for cryopumping by means of a cold 
surface are liquid hydrogen and liquid helium, of which the boiling 
^uiJs.ar.aJUms;9]bfjnr.^Att^^ - 9 C 

(4 25*K) respectively Of these two. liquid helium is preferred but is 
considerably more costly It has a latent heat of vaporization of only 
650 cal per litre, as compared with 7,640 cal per litre for liquid hydro- 
gen, and 48,000 cal per litre for liquid nitrogen- It is therefore most 
important in the design of a liquid helium ciyopump to prevent 
excessive evaporation by reduang thermal radiation and conduction 
to the liquid helium 
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At the temperature of liquid hydrogen (20-35'’K), the vapour pres- 
sures of all gases are in the ultra-high vacuum range with the excep- 
tions of helium, neon, and hydrogen itself. For example, the vapour 
pressures at 20°K of some of the gases commonly encountered in 
vacuum systems are approximately; argon, 10 torr; nitrogen, 
10"“ torr; oxygen, 10"^^ torr; but neon has a vapour pressure of 
about 50 torr at this temperature. As neon forms 0-0018% of the 
atmosphere (partial pressure in air at 760 torr=l-4x I0““ torr), the 
use of liquid hydrogen is practical provided the bulk of the gas is 
first removed by conventional pumps before cryopumping is em- 
ployed. 

At the temperature of liquid helium (4°K approximately), all the 
gases will solidify with the exception of helium itself, but hydrogen 
will exert a vapour pressure of about 10“ torr so that to produce 
ultra-high vacua additional means of removing hydrogen (e.g. 
evolved from stainless steel) may be necessary. 

Helium is present in the atmosphere, to the extent of 0-0005%, 
equivalent to a partial pressure of 3*8 x lO”'’ torr. Hence, a liquid- 
helium cryopumping surface used alone to pump a chamber from 
atmospheric pressure caimot attain an ultimate pressure below 
4x10“° torr approximately. Manifestly, it is therefore necessary to 
reduce the chamber pressure to, say, 10“ * torr before cryopumping, 
when the ultimate pressure due to helium gas remaining will be 
ideally only 4 x 10“°/760,000, i.e. 5 x 10“^° torr approximately. 

The attractive features of cryopumping with liquid helium or liquid 
hydrogen are the ability to create pressures in the ultra-high vacuum 
range, and that a very high pumping speed is possible, with the cooled 
surface either placed directly in the chamber or in a readily accessible 
side chamber, so that little restriction to gas flow is obtained. 

To minimize radiation of heat to the cold surface - especially 
necessary with liquid helium because of its low heat of vaporization - 
shielding cooled with liquid nitrogen (— ]96°C and with much large 
vaporization heat) is interposed between the cold surface and the 
chamber walls and other surfaces at high temperatures. In this design, 
the important factors are: (/) the need for good liquid-nitrogen circu- 
lation to a shield of a metal of high thermal conductivity; (6) the 
shielding arrangement should not impede gas flow to the cryopump- 
ing cold surface, and yet should have a thermal radiation transmis- 
sion from the surface at room temperature to the cold surface of 2% 
or less; and (c) heated sources such as gauge filaments must be care- 
fully shielded from the cold surface. These shields are usually polished 
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for low cmissivity except for surfaces which might reflect heat from 
the vacuum chamber onto the cryopanel They also serve to precool 
the gas by arranging that the gas molecules make several collisions 
With the radiation shields before reaching the cryopanel They also 
pump water vapour 

Connecting tubes from the liquid helium (or h>drogen) tank to the 
cold, cryopumping surface must be thermally insulated and kept as 
short as possible To conser.c hchum. cither a closed-cycle refrigcra 
tion system is used on a large plant, or the helium emerging as gas 



Fig 36 SchemalK disgram of e liquid helium cryopump 


from the cryopump is compressed and stored for subsequent reliquc- 
faction 

At 20*K, a pressure of 10"*' torr ts obtainable for all gases except 
neon, hjdrogcn, and helium To avoid the expense of obtaining lower 
cryopanel temperatures it is usually prefeired practice to provide 
alternative means for removing these gases 

Fig 36(a) shows the basic arrangement of one type of liquid- 
helium cryopump (Forth (39p The chamber C is first pumped by 
conventional means to 10“* torr or below The cryopumping cold 
surface, cryocondenser or cryopanel consists of a spiral of copper 
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tubing, S (Fig. 366), of which one end is connected via a vacuum- 
jacketed feed-pipe to the liquid-helium reservoir, R. The other end of 
this spiral is joined via a second spiral forming a radiation shield to a 
regulating valve V and then to a mechanical rotary pump. The liquid 
helium is thereby sucked into spiral S, where it evaporates, cools the 
spiral, and then passes as gas through the radiation shield spiral to 
the mechanical pump into a container for gas recovery. Adjustment 
of the temperature of the cryopump spiral, S, is obtained by regula- 
ting the control valve, V. In its path from S to the mechanical pump, 
the waste gas passing through the radiation shield reduces it to an 
intermediate temperature of about 20°K. With large installations, 
however, it is more economical to cool this radiation shield by a 
separate circulation of liquid nitrogen. 

A cryopump of this type with a pumping speed of 2,000 litre per 
sec would need to have a cryopumping surface area given approxi- 
mately by equation (1.21) to be 

2,000 = 62-5AIVM 

where pz is neglected compared with pi. For nitrogen, M—2%, so 
A = 2,000/11*7 = 17 cm® 

A supply of about 0*5 litre of liquid helium per hour would be 
needed for such a cryopump, provided the initial pressure obtained 
by conventional pumping is 10"® torr or preferably less. 

Honig [40] has described an all-metal ultra-high vacuum system 
consisting of a sorption pump for backing a 25 litre per sec cold- 
cathode getter-ion pump, which evacuates the chamber to 10" ® torr. 
Liquid-helium cryopumping is then used to attain an ultimate pres- 
sure in the chamber of 10"^® torr, with a pumping speed for air of 
800 htre per sec (Fig. 37). 

The liquid helium is not continuously circulated in this design, but 
is in a container made from a 600 ml stainless steel beaker provided 
with a welded stainless steel top maintained within the pre-pumped 
vacuum chamber. This liquid-helium cryopump or trap is surrounded 
on all sides, except its base, by walls at liquid-nitrogen temperature 
to minimize radiation losses, and it is supported by a thin stainless 
steel tube of low thermal conductivity to reduce conduction losses. 
Further insurance against heat loss is provided by coating all 
interior surfaces of the trap assembly with a 0-0005 inch layer of 
silver. The stainless steel beaker itself is plated with a 0-015 inch 
layer of silver. 
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After preliminaiy pumping with the getter-ion pump and bake-out, 
the outer trap and the inner liquid-helium cryopump are first filled 
with liquid nitrogen. Preliminary cooling in this way conserves the 
expensive helium. When the inner helium cryopump or trap has 
reached — 196°C, the liquid nitrogen is removed completely from it 
by blowing in helium gas. The liquid helium itself is then transferred 
to the inner trap. With the 600 ml beaker used, one full charge lasts 
about 4 hour. 

The base of the liquid-helium-filled stainless steel beaker had a 
surface area of 58-5 sq cm. Its maximum theoretical pumping speeds 
were therefore (cf. equation (1.21), with Pa=0) 


for hydrogen: 
for nitrogen: 


62-5 X 58*5 

V2 


62-5 X 58-5 
^28 


2,600 litre sec“^ 
696 litre sec"^ 


4 + 



CHAPTER TWO 


THE MEASUREMENT OF VACUA 


2.1 Introduction 

The scientist and engineer ha\e always taken great pnde m precision 
of measurement The fundamental quantities, length, mass, and lime, 
can all be determined to accuracies of better than 1 port in 10’ if 
suitable apparatus is used, and 1 part m 10’ is frequently met m the 
electncal sciences Tlie measurement of gas pressures with high pre- 
cision, especially of those below 1 tore, is, however, not possible and 
it IS doubtful whether it ever will be The situation is increasingly 
diflScult the lower the pressure If a gas pressure below 10‘* tore is 
quoted as within ±5%, the work has either been earned out with 
great care, or the error quoted is optimistic because vanous factors 
influencing accuracy have been overlooked 
Frassure is force per umt area and. os stated m section I I , the basic 
unit IS the newton per sq metre (newton m“*) or the dyne per sq cm 
(dyne cm"*), though, generally, the mm of mercury or the torr are 
preferred in practice However, a pressure of 10‘* torr corresponds to 
a difference m mercury levels of 10 * ram, about $ atomic diameters, 
so any direct observation la terms of hydrostatic head is out of the 
question In the ultra high vacuum range below lO"* torr, the con- 
cept of a mercury level difference is meaningless except by infcrencel 
At a pressure of 10"* torr, the force per sq cm is only I 33 dyne, 
which can be measured with reasonable accuracy by balancingagamst 
a mechanical device or a mercury head, but, at 10"® torr, the forces 
involved are very difficult indeed to measure mechanrcaJJy 
Three further important sources of difficulty m pressure measure- 
ment are* 

(0 that the gauge or its immediate surroundings may sorb or de- 
sorb gas, changing the conditions to be determined, 

(It) the gauge oAen cannot easily be placed in the system at the 
point where the pressure is required, and there may be an unknown 
pressure difference between this point and the gauge location, 

(/i/) the calibration of the gauge usually depends on the nature of 
the gas and the gas concerned may not be known 
Fortunately, in almost all the many processes undertaken in vacuo, 
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it is not necessary to know the pressure accurately, only that it is 
below a certain value. For example, the residual gas pressure in an 
electron tube is low enough if the m.f.p. of the gas molecules is longer 
than a value which, depending on the density and cross-section of gas 
molecules available for ionization by electrons, makes it certain that 
ionization of the gas is small enough. If experience and theory indi- 
cate that a pressure p should not be exceeded to ensure satisfactory 
operation of the device or process, it is not necessary to place too 
much reliance on the gauge, but, if possible, ensure that a pressure 
below, say, 0-1 p is obtained. Even so, there are several instances 
where this procedure can be misguided and it is better to analyse the 
residual gases by a mass spectrometer. Thus, the pressure may be low 
enough if it is less than 10 torr, provided the bulk of the gas is not 
chemically-active, oxygen, say. 

If the pressure and temperature are known, the molecular density 
n can be evaluated from p—nVT. This enables the rate at which 
molecules strike a surface in the vacuum to be calculated as N=\n^, 
where i; is VCSET/ttAOj provided the molecular weight, M, of the gas 
is known, i.e. the gas has been analysed. For work under ultra-high 
vacuum, the necessity for maintaining clean, gas-free surfaces is 
generally the prime requirement. Such surfaces will become covered 
with gas at a rate depending on \nv. Knowing the partial pressure of 
the gases in the residual vacuum, this coverage can apparently bo 
evaluated. But one also needs to know whether the molecules inci- 
dent on the surface stick to it or not, and this can vary by a factor of 
at least 100 depending on the nature of the gas and the surface. In 
such a case, measurement of the pressure is not the only or even the 
chief requirement. 

A final and considerable source of difficulty in pressure measure- 
ment is the problem of setting up a standard. Most vacuum gauges 
have a calibration depending on the nature of the gas and, further, 
this calibration, even for a given gas, cannot be related satisfactorily 
to the physical dimensions and characteristics of the gauge. It is 
essential, therefore, to calibrate such gauges against a standard. The 
U-tube oil and mercury manometers are available as standards at 
pressures above 1 torr. The McLeod gauge, in which the gas is 
compressed by a known ratio before its pressure is measured by a 
mercury manometer, is the only readily available absolute gauge of 
practical value in the range below 1 torr. But it exhibits increasing 
error at pressures below IQ-^ torr and is hopelessly unwieldy for use 
below 10"® torr. 
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2 2, The Discharge Tube as a Vacuum Indicator 
A useful indication of the order of the pressure m a vacuum system 
can be obtained by setting up a glow discharge in (he residual gas A 
discharge lube (Fig 38) is sealed onto a side tube of the systenu This 
sealing can be done by glass blowing or by a hard waxed conical 
joint or an O ring (section 3 7) 

The glass tube is preferably of Pyrex D and C are two metal elec- 
trodes held insidethis tube bymeans of glass to-metal seals Thetead- 
in wires through these seals ser\e as terminals for (he application of 
a high p d of 2 kV or more, preferably d c , but a c from a high 
\oltage transformer may be used The metal electrodes are made of 
mckcl or stainless steel and are of generous thickness so that excessive 
temperature rise dunng the discharge is prevented 



Fig 38 The discharge lube 


A very convenient type of shielded discharge tube is supplied by 
Associated Electrical Industries Ltd 
The discharge obtained depends on the nature and the pressure of 
the gas, the current passing, and (he electrode disposition and size 
At a pressure of 1 to 20 torr, a streamer of discharge passes from one 
electrode to the other At the higher pressures (order of 20 torr), this 
streamer is narrow At about I torr, the streamer widens to the walls 
of the tube As the pressure is still further decreased below 1 torr, 
definite regions in the glowdischargecan be observed ifad c pd is 
used 

Surrounding the cathode there is the cathode glow This takes up 
the contour of the cathode surface There follows (he Crookes’ dark 
space and then the negative glow From the anode extends the posi 
tive glow, which is either continuous or striated The negative and 
positive glows arc separated by the Faraday dark space 
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The results give only the order of the pressure, serving as a rough 
indication. However, the appearances can be put on some sort of 
quantitative basis because the length of the Crookes’ dark space, d, 
depends on the m.f.p., L, and therefore also on the pressure, p. The 


relationship is 



( 2 . 1 ) 


k and ki being constants. Tliis is a rougli indication only, because the 
length d also depends to a small extent on the current density. 

At pressures lower than 10“^ torr, the walls of the discharge tube 
begin to fluoresce. This fluorescence occurs, then, at what is usually a 
satisfactory backing pressure, i.e. one attained with oil-sealed 
mechanical pumps. The pressure at which this fluorescence begins 
also depends on the nature and age of the glass and on the applied 
voltage. At pressures less than 10 torr, the discharge disappears if 
the applied electric field is less than about 100 volt per mm : tliis state 
is called a ‘black’ discharge. 

The discharge can also be excited by setting up in the gas a liigh 
frequency alternating electric field generated by an oscillator or by a 
Tesla coil. The latter is useful when a glass vessel is being pumped and 
the system has no discharge tube. The appearance of the glow indi- 
cates when a satisfactory backing pressure is attained, and that vapour 
pump heaters can be safely switched on. This state, corresponding to 
a pressure below 10~^ torr, is indicated by the glow pervading the 
whole system, without a trace of the pink, nitrogen discharge. 

Table 2.1 shows how the colour of the discharge depends on the 

TABLE 2.1 

Variation of the colour of a discharge -with the nature of the gas 


Gas Cathode glow Negative glow Positive glow 


Air 

Red 

Blue to pink 

Pink; blue at lower 
pressures 

Ammonia 

Blue 

Green-yellow 

Blue 

Argon 

Red-pink 

Blue 

Violet-red 

Helium 

Red 

Pale-green 

Violet-red to yellow-pink 

Hydrogen 

Brown-pink 

Light-blue 

Reddish-pink 

Mercury vapour 

Green 

Yellow-white 

Greenish 

Neon 

Yellow 

Orange 

Blood-red 

Nitrogen 

Red-pink 

Blue 

Reddish-yellow 

Oxygen 

Red 

Green-yellow 

Lemon-yellow with 


Water vapour White-blue 


reddish core 
White-blue 


Blue 
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gas m lh« Ncsscl or discbatgft tube This can be made a more scicnufic 
method by examining the discharge with a spectroscope In the case 
of air, the colour of the discharge changes from predominantly pinlc 
to a pale blue or bluish white as the pressure is decreased This is 
because the rclatnc proportions of the gases present in air change as 
the pressure is loisered Any carbon dioxide content will increase, 
because this gas has a higher molecular w eight and so a smaller ilow 
rate to the pump than the nitrogen and oxygen If an oil sealed 
mccbamcat pump is used to e\acuaie the discharge tube, the con* 
densabic gases chiefly water \apour, remain at the loiter pressures 
Finally, the ions in the gaseous discharge impinge on the tube walls 
and release gas from the glass This gas is chiefly water S’apour 
The discharge tube method is a reasonably satisfactory and easy 
means of indicating the pressure in unsophisticated \acuum plant, as 
used, for example, for the esaporation of metals In tacuo, the frac 
tional distillation of chemicals, and the impregnation of electrical 
components, and m food-canning and \-acuum drying techniques If 
a discharge tube of Uiown dimensions is used and with a certain d c 
or a c voltage across it, the point at which the discharge goes ‘black’ 
is frequently a satisfactory means of indicating an adequate vacuum 
By using an adjustable spark gap across the high voltage supply as an 
indication of the p d applied, a more quantitative method is avail* 
able The higher the soltage at which a ’black’ discharge is obiamed, 
the lower the pressure 

With expencnce, impunty vapours m the gas can be identified to 
some extent water vapour and grease vapour from stopcocks are 
made evident by charactcnstic whitish blue and blue glows respec- 
tively The presence of even a small percentage of impunty often 
completely spoils the correlation between the nature of the gas and 
the discharge indicated in Table 2 1 

2 3 The McLeod Gauge 

The only straightforward, absolute, vacuum gauge for measunng gas 
pressures m the range down to 10 ’ torr is that first introduced by 
McLeod [41] m 1874 Fig 39 shows two convenient forms of the 
gauge, which is best made of a borosihcate glass such as Pyrex or 
Hysil, of the several grades of Pyrex available, the chemical ware 
7740 is the most commonly used 

A glass bulb A is attached to a fine capillary tube B of bore dia- 
meter usually 1 mm approximately C is a side-arm provided with a 
capillary at D, which has the same bore as the capillary tube B, and 
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runs close to and parallel with it. The tube C extends upwards to a 
stopcock S or vacuum valve, which is then joined by tube E to the 
system in which the pressure, p, is to be determined. After construc- 
tion by the glass-blower and before connecting to the system via the 
stopcock, the gauge, with the top of the capillary B open and without 
its mercury filling, is first thoroughly cleaned (p. 240). The volume of 
the bulb A is determined and also the diameter of the capillary tube 



To o»P 

To vacuum 
pump 


Fig. 39. (a) The McLeod gauge. (6) Shortened form of McLeod gauge. 


B. The top of the capillary tube B is sealed-oflf by glass-blowing, to 
leave a flat inside top. The gauge is then mounted in a suitable sup- 
port and joined by glass-blowing to the system with the stopcock S 
within the line from C to E. With the gauge filled with air at atmos- 
pheric pressure, clean, doubly-distilled mercury is then admitted to 
the reservoir G. 

When first using the gauge, care has to be exercised to prevent 
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nicrcurj from being splashed about during the initial evacuation The 
usual practice is to close the stopcock S, establish a backing pressure 
m the system, open the stop«>ck S very carefully, meanwhile adjust* 
ing the height of the reservoir G to present the mercury level in* 
cfcasingabovcthcjunclionat J lflhctype(6)inrig 39is used, the 
practice IS to pump the gauge slightly by temporarily opening the 
stopcock S, then turn the two-way lap T to slightly evacuate the 
reservoir G by means of the small auxiliary mechanical pump con 
nected to M A senes of careful manipulations of the stopcock S m 
conjunction with the level of G m (a), or of the two-way stopcock T 
in (6), enables the gauge to be evacuated to a pressure of 1 torr or 
less, whilst ensunng that the mercury level never nscs abo\e the 
junction J 

The gauge is then ready for pressure recording To take a reading, 
reservoir G is raised m type (a) or air admitted to G in type (6) The 
rate of nse of the mercury level must be slow fracture of the glass is 
possible if undue haste is practised As the mercury level passes the 
junction J, a sample of the gas at the system pressure p is trapped in 
the gauge It has a volume r equal to that of the bulb A plus the 
closed capillary B Further nse of the mercury level compresses this 
trapped gi$ into the capillary B The nse of the mercury is stopped 
when Its lev el in the comparison capillary D is opposite the top end of 
the closed capillary D There will then be a dilTerence of levels, h, 
between the top of the mercury column in D and that m B (Fig 39e) 
Cessation of the mercury level rise is achieved either by bringing the 
reservoir G to rest m type (o) or closing the stopcock T m type (f>) 

The stopcock S in the tubing between the McLeod gauge and the 
system is desirable as it is best to leave the gauge under vacuum when 
air IS admitted to the system 

The gas sample of volume Vat the system pressure p has been com- 
pressed to occupy a volume th, where v is the volume of unit length of 
the closed capillary Further, the pressure exerted on the compressed 
gas is clearly p plus that due to a head of mercury of height h 

Applying Boyle’s law 

pV = (p+/i)i/i 

where p is in mm of mercury (torr) and h is also m mm As p is usually 
much smaller than h, it can be neglected in (p + h), so that 



95 


The Measurement of Vacua 

where p is given in mm Hg (torr), v and V being in the same units 
(e.g. cu cm) and h in mm. 

The pressure is therefore indicated on a square-law scale, which 
can be constructed simply from a knowledge of V and v, where the 
latter is W74, d being the capillary diameter. 

Typical, convenient values are V = 300 cu cm and d - 1 mm, so that 

= 0-00785 cm^ 

4 

Therefore, vlV—2-6 x 10“®. The range of pressures recordable, if the 
total length of the closed capillary is just over 100 mm, is therefore 
from p=2-6x 10"® X 100^=2-6 X 10“^ torr, for /j = 100 mm, to p = 
2-6x 10"®x P=2-6x 10”®, for h=l mm. 

It is assumed here that a value of h less than 1 mm cannot be re- 
corded accurately. With a high vacuum of 10"® torr or less, the 
mercury will virtually fill the capillary completely. On allowing the 
mercury to drop to take a fresh reading, surface tension will cause it 
to stick against the closed end of the capillary B, until the weight of 
the falling mercury pulls it away; this is referred to as a ‘sticking’ 
vacuum. Often, it is a good indication of a satisfactorily low pressure, 
which is less than 10"® torr but has not been measiured! 

By choosing various values of the ratio v/V, different pressure 
ranges can be obtained. It is not possible to make rfless than 0-5 mm, 
and even then trouble will be experienced with fracture of the mercury 
column in the closed capillary on lowering the mercury. Further, V 
can only be increased above 500 cu cm if a support (e.g. in the form of 
a carefully fitted plaster of Paris mould) is maintained around the 
bulb A to sustain the weight of the mercury. V has been 'made 1,300 
cu cm in some designs, but they are unwieldy and the mercury is 
expensive. 

The McLeod gauge has been much used in vacuum technique, and 
the general practice has been to calibrate all other gauges against it. 
Its accuracy below 10 ” ^ torr is poor, however, so an alternative in the 
form of a standard orifice is gaining favour as the primary standard 
for gauge calibration in the vacuum range below 10"^ torr (section 
3.9). 

The outstanding advantages of the McLeod gauge are cheapness 
(apart from the cost of the mercury), simplicity of operation, and, 
particularly, the fact that it can be easily calibrated in terms of its 

readily-measured physical dimensions, and that this calibration is 

4 * 
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independent of the natuie of the gv, provided it is not a vapour 

which condenses to a liquid during the compression 

Tliere arc unfortunately several disadranlagcs of the McLeod 
gauge, especially for measurements below 10'* torr In the summary 
of these given below, practice for minimizing errors where possible is 
discussed 

(a) It will not register correctly the pressure due to condensable 
gases Watervapour IS often present mmr Apart from the fact that 
such a vapour docs not obey Boyle's law (assumed in arriving at the 
calibration), if the ater vapour content of the air is high, it will con* 
dense to liquid during the compression For this reason the ultimate 
pressure attained by a mechanical pump, when recorded by a McLeod 
gauge, will appear significantly lotter than that recorded by, for 
example, a Pirani gauge (section 2 4), which responds to the total 
pressure due to both permanent gases and condensable vapours A 
means of removing the water vapour (e g gas ballast or cold trap) 
may be used, but the readings of the two gauges will still be different, 
because of the \ apouf pressure of the rotary pump oil, particularly if 
this oil IS contaminated 

(i) The McLeod gauge cannot record pressure instantaneously, 
and therefore is unsatisfactory for recording pressure changes except 
over long penods The reasons for this arc, first time is needed to 
raise the mercury m taking a reading and second, the gauge is mevi 
tably connected to the system by a fair length of narrow tubing, so 
that it usually takes about a mm for the gauge and s>’Stem pressures 
to cquaUze because of the restricting effect of tubing on the flow of 
gases (section 3 3) 

(c) The presence of the mercury in the gauge introduces a vapour 
pressure of about 10”® torr at room temperature The total pressure 
m the system cannot therefore be rcduc^ below this value unless a 
cold trap at liquid nitrogen temperature or the temperature of solid 
carbon dioxide is introduced between the gauge and the system 

A suitable arrangement of such a cold trap is shown in Fig 40 
This cold trap in itself introduces errors in pressure reading w hich are 
particularly important at pressures less than 10"* torr This mtnnsic 
error is due to a pressure difference Ap in the gas in the tubing con* 
nectmg the gauge to the cold trap This pressure difference results 
from the continuous flow of mercury vapour from the gauge to the 
cold trap, which dnves some of the gas molecules before it, so making 
the pressure in the gauge less than the pressure near the trap The 
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effect is similar, though of much smaller magnitude, to that in the 
action of the mercury diffusion pump, and was first pointed out by 
Gaede [42]. It was not for many years later, in 1961, however, that 
Ishii and Nakayama [43] gave clear experimental evidence that an 
important source of error resulting from mercury diffusion had hither- 
to been overlooked. Their findings were later substantiated by Meinke 
and Reich [44] in 1962. Sometimes known as the ‘Ishii effect’, the 
pressure difference Ap can be calculated to a sufficient degree of 
accuracy, in the case of a long cylindrical tube of radius R cm at 



Fig. 40. Use of a cold trap between a McLeod gauge and a system. 

molecular pressures, from an equation given by Ishii, following 
Gaede, 

loge(l+^) =0-9i?p„V(W (2.3) 

where p is the mean gas pressure in the tube, is the vapour pres- 
sure, in torr, of mercury at the temperature T°K in the gauge (i.e. 
room temperature), and D is the diffusion coefficient in mercury 
vapour of the gas concerned, at 7’°K and atmospheric pressure; p is 
less than p^. 

At 20°C, i.e. 293°K, Pm is T2x 10“® torr and the diffusion co- 
efficient (which decreases by about 10% per 10°C drop in tempera- 
ture) for nitrogen in mercury vapour is 0T08 sq cm per sec. This is 
the value at 760 torr; the value required at p torr is obtained by 
assuming, that the diffusion coefficient is inversely proportional to 
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the pressure, which is included in the numcncal factor given m 

equation (2 3) Substitution of these values m equation (2 3) gives 

log. (l = 0 9fix 1 2x 10- V(293)/0 108 - 0 I7K 
For R “ 1 cm, 

2 3 log., =017 

1+^-1 156 
P 
1 e 

^ = 0156 
P 

The error m using a long cylindrical tube, of radius 1 cm, between 
the gauge and the trap is therefore 18 6% Further, it is clear that this 
error will increase with temperature r because of the occurrence of 
Vr in equation (2 3) and also because increases more rapidly 
with temperature than D This error is serious for > alues of the mean 
gas pressure p lower than the mercury %apour pressure, i e below 
10”® torr, at higher gas pressures, equation (2 3) does not apply 
There are two tvays of mmimiang this error due to the Ishii cITect - 
which has led to many unsuspected erroneous pressure readings in 
past years >■ these are 

(0 to cool the Mclxod gauge with solid carbon dtowde at the 
junction J in Fig 39, so as to reduce />„, the vapour pressure of 
mercury (this method is discussed by Ishii and Nakayama), 

(it) a more practical way is to introduce a short section of small 
bore tubing within the mam connection between the gauge and the 
trap 

If this short section is, say, I cm long and 0 1 cm in radius, at 20”C, 
it IS seen from equation (2 3) that the percentage error becomes only 
1 8% approximately The impedance to gas flow of this section of 
narrow tubing will, however, increase the lime taken for the gauge 
and system pressures to become equalized 
(d) A significant error can occur m the reading of low pressures 
because the capillary depression of the mercury m the capillary tubes 
causes uncertainty m the measurement ofA (equation 2.2) This arises 
because of considerable vanation in the angle of contact between the 
mercury and the glass wall of the capillary tube, depending on 
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whether the mercury is raised or lowered to its final position in taking 
a reading. Unfortunately, this error increases as the capillary bore 
diameter is reduced below 1 mm. 

A method for reducing the variation in contact angle, and there- 
fore the error, is to grind the inside wall of the capillaries, to roughen 
them. Even so, according to Leek [45], following careful measure- 
ments made by Rosenberg [46] who used a McLeod gauge with a 
bulb diameter of 1,300 cu cm and a very uniform roughened capillary 
of diameter 0’63 mm, the error amounts to ±6%atl0“® torr. With a 
small bulb volume, the error will increase in proportion. Tapping 
helps to reduce the error due to capillary depression but does not 
eliminate it. 

Non-uniformity of the capillary bore diameter also introduces an 
obvious source of error. Jansen and Venema [47] recommend 
selected capillary tubing of diameter uniform to within 1%. 

(e) It is virtually impossible to provide a square top to the closed 
capillary by direct glass-blowing. This introduces an error in the 
measurement of small values of /;, important at pressures below 
10"^ torr. Further, if the capillary inner walls are roughened (e.g. by 
carefully drawing through the capillary a wire loaded with fine car- 
borundum or diamond powder), direct sealing-off the top end will 
flame-polish the upper capillary wall. To avoid this difficulty, 
Podgurski and Davis [48], following Barr and Anhorn [49], inserted 
an 8 mm length of tapered glass plug into the top of the initially open 
capillary and then sealed with a flame around the capillary tip. 

The Vacustat is a commercial form of swivel-type McLeod gauge 
marketed by Edwards High Vacuum Ltd. It follows a design origina- 
ted by Flosdorf [50]. It is very convenient for measuring gas pres- 
sures in the range from 10“^ to 10 torr, requires only about 8 cu cm 
of mercury for filling, and avoids the use of a movable reservoir of 
mercury or an auxiliary vacuum pump. As depicted in Fig. 41, the 
overall height including a tripod stand is only 9 inch. The system in 
which the gas pressure is to be measured is connected by flexible 
rubber pressure tubing to the union at A behind the mounting panel ; 
alternatively, a greased cone-joint in glass tubing or a rotary 0-ring 
seal to metal tubing may be used. Bodily rotation of the Vacustat 
through a right angle about A is then possible. Before measuring the 
pressure, the gauge is in the horizontal position (Fig. 41 o) so that the 
gas fills the gauge at the correct pressure. On requiring to take a pres- 
sure reading, the gauge is simply rotated to the vertical position (Fig. 
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4li), when the mercury runs out of the container B, compressing a 
sample of the gas contained within the region CD to a short length 
CE of the closed capillary tube By arranging that the lesel tn the 
comparison capillary F is opposite the end of the graduated capillary 
CE, it IS possible to employ a square law scale behind this capillary, 
which registers thc.pressure directly A slight adjustment of the gauge 
about the vertical position is needed to adjust the mercury level cor* 
rcctly The method of calibration is the same as for the McLeod 
gauge 
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2 4 Thermal Conduettuty <7<n<g« 

For a given gas at sufficiently low pressures, the thermal conduc- 
tivity decreases with pressure This principle is utilized in vacuum 
giuges of which the essential arrangcmcnl consists of a thin mclaUic 
wire or filament of diameter d, maintained along the axis of a lube of 
much larger diameter D, the open end of which is connected to the 
system m which the gas pressure p is to be measured The axial wire 
IS heated to about 200'’C by the passage of clectnc current The rate 
at which heat from this wire is conveyed through the gas to the tube 
wall at ambient temperature decreases os the gas pressure decreases 
The temperature of the wire is therefore dependent on this gas pres- 
sure, rising as the pressure falls In the Pirani [SI] gauge, the change 
of resistance of the wire with temperature and consequently with 
pressure is measured by a Wheatstone bridge In the first place, there- 
fore, the gas pressure is measured m terms of the wire resistance In 
the thermocouple gauge, the temperature of the wire is recorded 
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directly by an attached thermocouple: a calibration of thermocouple 
e.m.f. against pressure is obtained. 

A simplified theory of operation is valuable in determining relevant 
operating characteristics. Suppose the central wire is heated by the 
passage of electrical current to a temperature whilst the inner 
wall of the surrounding tube is at the ambient temperature 7 ’a°K; 
where T>Ta. The wire is very thin: 0-05 to 0-1 mm in diameter, 
whereas the tube has a diameter of 1 cm or more. Gas molecules in 
the gauge tube will therefore make many more collisions with the tube 
wall than with the wire. It is a reasonable approximate assumption, 
therefore, that the gas molecules are at the temperature and only 
attain the higher temperature T when they strike the wire. It is further 
assumed that on striking the wire, the molecules attain an energy 
corresponding to the temperature T. 

The rate of transfer of thermal energy E from the heated wire to 
the gas is given by 

E = kN(T-Tf) 

where N is the number of molecules impinging on the wire per sec 
and is a constant for a particular gas and wire surface. In the case 
where the gas molecules impinging on the wire arrive from distances 
not exceeding their m.f.p. at the pressure p of the gas, the number of 
molecules incident on the wire surface per sec is given through 
equation (1.9) as pSNIy'ilnMRTf), where S is the surface area of 
the wire. Hence, 

where JsT is a second constant depending on the nature of the gas and 
the wire surface, and it assumed that all molecules have the wall 
temperature Ta before they strike the wire. 

If the m.f.p. of the gas molecules, L, does not exceed the wire 
diameter d, many molecules which leave the wire after striking it will 
return to it again instead of passing into the gas towards the wall; the 
equation (2.4) is then invalid. Indeed, at the higher pressures, the 
energy transfer becomes independent of the pressure unless T is in- 
creased significantly. In general, the heat transfer per sec through the 
gas approximately follows equation (2.4) for gas pressures when L is 
larger than d. For a wire diameter rf of Od mm, the pressure range for 
nitrogen is therefore given by equation (1.4) as below 5/0-01 millitorr, 
i.e. below 0-5 torn 

The heat transfer at a given pressure p and for given values of Tand 
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Ta vanes inversely with the square root of the molecular weight M of 
the gas It wiU also depend on A', which is decided by the nature of the 
gas (m particular the ratio of its specific heats at constant pressure and 
constant solume) and the wire 

In addition to the heat transfer away from the hot wire due to 
molecular motion in the gas, there will be Isso other sources of Ihcr 
ma] loss radiation of heat from the wire and conduction through the 
metal leads to the ends of the wire Both of these arc independent of 
pressure The radiation loss becomes significant compared with the 
heat energy transfer Ihrou^ the gas at a pressure of about lO'® torr 
The conduction loss through the leads will be less the longer the wire 
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Fig 41 (o) Pirani gauge bead (6) Dane Pirani gauge areuii 


filament used But an osrrlong filament will be difficult to support 
without mechanical sibralion, which will introduce wire-to*gas 
energy changes These factors decide that the minimum pressure 
recordable by a thermal conductivity gauge is about I0“‘ torr 
A typical Pirani gauge head and basic measuring circuit are shown 
in Figs 42(<i) and (b) respectively The head consists of a glass tube of 
diameter I cm or more, with a greased cone joint or more usually an 
O ring connection (section 3 7) at the open end to the vacuum sj’stcm 
m which the pressure is to be recorded The Pirani filament, i e axial 
wire, IS of tungsten, nickel, or platinum wire, 0-005 to 0 1 mm in 
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diameter. To accommodate a length of 20 to 30 cm, it is usually 
wound into a helix of axial length, about 8 cm, and outside diameter 
0-5 to 2 mm, with a pitch of at least 10 wire diameters to prevent any 
one turn from shielding its neighbours. The temperature of the wire 
is maintained at an operating temperature of about 200®C at the 
lowest pressure. 

In the Wheatstone bridge circuit, a compensating head is often 
used, which is identical with the measuring head but sealed off under 
vacuum. This is placed in tlie arm of the bridge adjacent to that con- 
taining the measuring head, with the two heads in proximity, so that 
they are subjected to the same ambient temperature changes. A resist- 
ance may be used in the bridge instead of the compensating head 
but variations of room temperature are then more troublesome. 

Instead of measuring the resistance of the Pirani filament, the usual 
procedure is to maintain constant the current to the bridge or the 
voltage across it from the supply, then balance the bridge by the 
variable resistance Ry when the pressure within the measuring head is 
at 10“^ torr or below. This gives the low'est pressure reading, marked 
zero, on the galvanometer G. As the pressure in the measuring head 
is increased its filament resistance decreases, the bridge is put out- 
of-balance and the galvanometer indicates the off-balance current. 
The galvanometer reading is then a measure of the pressure; a 
calibration graph of this deflection against pressure is obtained by 
measuring the pressure in the system (to which the Pirani gauge is 
attached) by means of a McLeod gauge. 

A typical, modem, commercial Pirani gauge has a head with four 
filaments (Edwards High Vacuum Ltd.), with the necessary balancing 
coils for the Wheatstone bridge wound on a former placed around 
the gauge head (Fig. 43). This assembly is housed in a robust plastic 
or metal cylindrical container. Two of the filaments are in a pair of 
tubes which connect to the vacuum system via a greased cone-joint 
or an O-ring. The other two comparison filaments are sealed-off in 
separate tubes. All the filaments are of the same construction. The 
two measurement filaments are in opposing arms of a Wheatstone 
bridge with the two comparison filaments in the remaining arms. A 
multi-wire cable joins the gauge head to the mains or battery-operated 
unit which supplies the necessary electrical power and incorporates a 
meter (which registers the out-of-balance bridge current) directly 
calibrated in pressure units for dry air. By changing gauge heads, 
the pressure ranges can be: (a) 10 to 5 x 10 torr, using an atmo- 
spherically balanced bridge, i.e. the two compensating filaments are 
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sealed offjn tubes at atraosphenc pressure, or (6) 1 to 10’* torr, 
with a vacuum balanced bridge in which the compensating filaments 
are scaled olT m lubes at low pressure 
To ensure that the voltage across the bridge circuit is constant 
irrespective of supply mams or battery voltage fluctuations, a transis- 
torizcd constant voltage power pack with a very low output im- 
pedance of 0 1 ohm, providing a p d across the bridge of 10 volt 



Fig 43 A commerdal Piranl gauge head «vth tocorponited bridge balaaaog 
coils. 

approximately, IS used Thispd will then remain constant irrespec- 
tive of changes in the load due to vanalions of resistance of the two 
Pirani filaments with pressure 

Using a simpler circuit with a 10 volt accumulator supply, m 
which the current through a single Pirani fdaraent was kept constant 
and not the voltage across the bridge, the calibration graph shown m 
Fig 44 was obtained 

Reconditiomng of Pirani filaments is sometimes necessary These 
gauges are frequently used in the pressure range from 10"* to 1 torr 
on plant where the vacuum conditions are ‘dirty’, the system being 
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exposed to water vapour and oil vapour. If the Pirani filament surface 
becomes excessively contaminated, there will be variation in the 
manner in which the energy of impinging gas molecules becomes 
accommodated to the temperature of the filament. This can cause a 
significant error in pressure reading. To clean the filament, current is 
passed through it for about 1 min to raise its temperature to some 
900°C. A switch on the control unit is arranged to connect the fila- 
ment to the supply so that about four times the normal operating 
current is passed through it. The operating temperature of about 



Fig. 44. A plot of galvanometer deflection against air pressure for a Pirani 
gauge head with a tungsten filament of total length 30 cm and wire diameter 

003 mm. 


200°C is then restored before using the gauge for pressure measure- 
ment. 

An interesting alternative to the use of Pirani filaments of metallic 
wire is the use of thermistors, in the thermistor gauge. Thermistors 
are mixtures of oxides, including those of iron, nickel, copper, zinc, 
and manganese, which are subjected during manufacture to a special- 
ized heating and sintering treatment. They have large negative tem- 
perature coefficients of resistance of between 1 and 6% per degC and 
are commercially available in the form of small beads, rods, or plates. 
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The thermistor was first used for pressure measurement by Mejer 
[52] and Wcisc [531, later by Becker, Green and Pearson {54| and 
also Gruber [55] One of the most recent exponents of this practice is 
Yariiak (561 Following his reasoning. jl is pointed out that if S, the 
surface area of the wire or thermistor, m equation (2 4), is increased, 
greater energy transfer takes place through the gas for a gnen tern 
peraturc dificrcnce (T— 7*/,) In practice, howocr, plate thermistors 
introduce too large a time lag between change of pressure and change 
of gauge response Vari&ik therefore recommends the use of a minia- 
ture bead thermistor attached to a thin tm foil, 3 cm in diameter and 
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Fig 45 A IhenniJior gauge head 

0 01 ram thick, able to record pressures of air over the range from 
10"* to 5x 10"* lorr 

Roberts, McElhgolt and Jemakoff {57] ha\e developed a thermis- 
tor gauge, for the pressure range I0‘*torrto 1 torr, based on a glass- 
covered bead thermistor (General Electric type 1B153), which is 
spot-tt elded to glass-covered Femico or tungsten leads m a 1 cm 
diameter glass lube (Fig 45) This tube can be baked at 450*C (some 
types of thermistor Will not withstand heaUng above 200 to 300*Q 
The thermistor bead is heated to lOO’C by (he passage of current 
when Its resistance is rather less than 1,000 ohm TTie tube can be 
thermostated, if required, m an ice water bath at 0*C The thermistor 
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is incorporated in a Wheatstone bridge circuit with 800 ohm resis- 
tance arms. The full circuit arrangement included a transistorized, 
stable, voltage supply for this bridge, and balance recording by a 
ditferential amplifier. The glass-covered thermistor at 100°C is repor- 
ted to have particularly good inertness to gaseous atmospheres. 

The thermocouple gauge operates, like the Pirani and thermistor 
gauges, on a basis of the change with pressure of the thermal transfer 
through a gas between two surfaces at different temperatures, but 



employs a heated filament of wire to which a thermocouple is attached 
to monitor its change of temperature with pressure. 

First introduced by Voege [58], a modem form of the thermo- 
couple gauge is showm in Fig. 46. An alternative, convenient pattern 
is based on a Best Electrics type S50 vacuum thermocouple (actually 
designed for radio-frequency current measurements), which has a 
heater resistance of 125 ohm and takes a current of up to 10 mA. The 
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attached thermocouple resistance is 8 ohm and gives an open a'rcuit 
e m f of 20 mV at high vacuum, with a heater current of 10 mA The 
operating circuit using a battery supply is very simple: a p-n p juno 
tion transistor, with its p3rticularly<onstant collector current irres- 
pective ofcoUcclor-basc voltage vanations, can be used to ensure a 
constant current of, say, 8 mA through the heater wire, where this 
current is adjusted by the emitter current control provided by the 
variable resistance (Pig Ala) A pointer moving-coil galvano- 
meter (0 to 300 pA, resistance tOO ohm) was used to record the 
thermocouple emf A calibration curve of pressure against gal- 
vanometer deflection for air over the pressure range O-OOl to l-O torr 
IS shown in Fig 47(6) 



A commercial model of thermocouple gauge (Genevac Ltd type 
TCG2) covers the pressure range from 5 to 10~* torr and employs 
a c heating Heating by a c offers an advantage over d c , as the 
latter may cause stray c in f *s to be developed across resistance at 
the junction betwren the thermocouple and the heater 
The advantages of thermal conductivity gauges ate* 

(0 small volume, easily attached to the system with electrical 
operation from a control umt which can, if required, be remote from 
the gauge head and also serve, by selector switching, several gauge 
heads; 
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(iV) the time lag between change of pressure and change of gauge 
response is negligible for most practical purposes; 

{ill) the output e.m.f. can be readily amplified (transistor ampli- 
fiers are preferable because of the comparatively low output im- 
pedance of the gauge), enabling display on a recorder to be achieved 
so that a continuous record of pressure variation with time is possible ; 

(in) as compared with the McLeod gauge, thermal conductivity 
gauges indicate the total pressure in the system due to both perma- 
nent and condensable vapours. 

Thermal conductivity gauges are frequently employed to record 
the backing pressure in a vacuum system and to monitor the pressure 
in a plant in which the total pressure is between 10 " and 5 torr. Their 
electrical output can be used to operate a relay to an electrically- 
operated vacuum valve, enabling semi-automatic plant to be con- 
structed in which valve operation at a predetermined pressure is 
obtained. 

The disadvantages of thermal conductivity gauges are: 

(/) the lowest recordable pressure is about lO"^ torr. This can 
be extended by a decade if the gauge is carefully operated with a 
constant current to the filament and thermostated walls. In general, 
commercial gauges are not recommended for use below 10"° torr; 

(«) the calibration depends on the nature of the gas. Roughly, the 
thermal transfer through the gas varies inversely as ^/M, M being the 
molecular weight of the gas, as shown by equation (2.4), so the gauge 
response will be larger for hydrogen than for nitrogen. This is, in fact, 
an advantage in that it enables the gauge to be used for leak-finding 
(section 3.11), but the chief difiiculty is that the composition of the 
gases in a vacuum system is often not known, so the pressure record- 
ing (assuming calibration for dry air) will be considerably in error; 

(in) the gauge calibration will alter if the filament becomes con- 
taminated. In this respect, the thermocouple gauge is probably a 
better choice than the Pirani gauge and, as reported above, the small 
glass-covered thermistor type can be designed to minimize this error. 

2.5. The Knudsen Gauge 

The operation of the Rnudsen [59] gauge depends on the variation 
with pressure of the momentum of impact of heated gas molecules on 
a light, suspended vane. The heating is usually arranged by an elec- 
trically-heated filament at a temperature near the vane, which is 
suspended from a torsion fibre and is at a lower temperatme Tin the 
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gas The ^ anc js deflected by the couple cxcrlcd by the impinging gas 
molecules This deflection is a measure of the pressure for given 
values of TV and Tand is largely independent of the nature of the gas 
In this sense, the gauge is an absolute manometer It is not readily 
possible, in practice, to detenmne Ti and T with precision, and it is 
difBcult to make the gauge absolute in the wider sense that the pres- 
sure IS known solely from a knowledge of the physical parameters 
involved Indeed, many alteinpls have been made to develop this 
theoretically attractive gauge for general use, but they cannot be said 
to have succeeded, as there is no commercial model generally avail 
able, and the gauge has been used mostly in specialized research 
The theory of working may be explored by considering a fixed flat 
plate A, heated to a temperature 7*1 ‘K (i e electrically healed by a 
filament), near a parallel Gat vane B which is pivoted about an axis 0 
B is at the lower temperature r*K, which is assumed for simplicity to 
be the same as that of the surrounding cylmdneal container C, which 
IS at room temperature (Rg 48) The separation between the parallel 



Fig 49 The principle of the Knudsen gause 

plates A and B is assumed to be small compared with their linear di 
mcnsions, so that edge effects can be neglected, and also small com- 
pared with Z, the m f p of the gas molecules at the prevailing 
pressure Molecules which leave plate A will consequently arrive at 
plate B without any change m their condition 
Let m be the mass of a molecule of a given gas in the gauge The 
molecules which leave A at the temperature Ti will have a Maxwel 
ban distribution of velocities Suppose there is a group of them com- 
pnsingn, molecules per unit volume with velocity components Uj, ti, 
and Hi, in directions along three mutually perpendicular axes x, y, 
and z, respectively, where x is Uic direction perpendicular to B The 
number of such molecules which stake unit area of B per sec will be 
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half the number in a cylinder of unit cross-section and length Mi per- 
pendicular to B; this will be ni«i/2. (The division by 2 is necessary 
because only half the molecules will leave A in the positive direction 
towards B; the other half will leave the back face of A to enter the 
space in the gauge outside the region confined between A and B.) 
Each of these molecules will impart a change of momentum of Imu^ 
to B. The change of momentum per unit area at B per sec due to this 
group will therefore be n^tnuf. The total change of momentum per 
sec due to all the molecules from A which reach B will therefore 
provide a force on B, given by 

F-a = am 2 = amrijjF (2.5) 

where a is the area of vane B, 7 Ja is tlie total number of molecules per 
unit volume which leave A to travel towards B, and is the mean 
square of the velocity components along the x-axis given by 

_2 _ «iMi^4-«2“2^ + W3»3^-| 

~ 

where molecules per unit volume have x-velocity components, Uz', 
/?3 have Mg, etc. 

If Ca is the root mean square velocity of the gas molecules leaving 
A, defined by 

C = / «lgl’^ + »2C3° + «3C3^+ • • 

^ \ Ml-b«2+«3+-*- / 

where Ci is the resultant of Mg, Vi, and Wi, whilst Cg is the resultant of 
M 2 ) Vz, iVa, etc., and it is assumed that iF=v^=v;'^, then 

So equation (2.5) becomes 

Fb = iamnj,Cf^ ( 2 . 6 ) 

Correspondingly, there will be a force F^ exerted on A by mole- 
cules leaving B at the temperature T, given by 

Fa = iamiiBCB^ (2.7) 

where Cb is the root mean square velocity of the molecules at tem- 
perature T, and /Zb is the number of these molecules per unit volume 
which leave B and travel towards A. 

There will also be a force exerted on the back face of vane B facing 
away from A, due to the pressure p in the gauge. Hence, the force F 
on B is decided by 

F= a^^mnACf^-^^mnsCB^-p) 


( 2 . 8 ) 
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because Fa and fi from equations (2 6) and (2 7) v.iU be additive, as 

plate A IS fixed 

Two further relationships between Ca and Cb arc obtainable In 
the first place, molecules with the mean velocity Da will reach the back 
face of B from the gas outside the interspace AB at a rate decided by 
(equation 1 8), whereas molecules with mean s^elocity will 
leave this face at a rate i/faPa These two numbers must be equal, 
otherwise there would be an accumulation of gas on this back face of 
B Also, as the mean velocity is related to the root mean square 
velocity by a numerical constant. 

UaCa “ fiaCg (2.9) 

In the second place, consider unit area of a boundary in the gas 
separating the interspace between A and B from the gas at pressure 
p in the container Let n be the number of molecules per unit \ olume 
m this outside space at the pressure p ITiese will cross this boundary 
into the interspace at a rate infB. assuming the gas is at the same 
temperature as B , moreover, molecules from the interspace will cross 
this boundary towards the outside space at the rate i(rtApA+'’BfB) 
Therefore, 

nPa “ »aPa+«8P» 

because there is an equilibnum m the gauge without any accumuk* 
tion of gas between A and B, hence, as P is a constant times C, 


nCg »» (^.lO) 

Combining equations (2.9) and (2.10) it fol!o\vs that 

Oa^A “ (2 11) 

From the well kno^vn result m the kinetic theory of gases, the 
pressure p is given by 

( 2 . 12 ) 

Hence, from equation (2 8), 


Substituting from equation (2.11) gives 


Equation (1 1) gives p^nkT 

Reference to equation (2 12) shows that the root mean square 
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velocity, C, for a given gas, is proportional to y/T. Hence, equation 
(2.13) becomes 

F = yaW{T,IT)-n (2.14) 

The angle of deflection 6 of the vane B is decided by the couple 
exerted on it by the force F balanced against the restoring couple due 
to the suspension fibre that supports B. This deflection is readily 
measured by, for example, attaching a light mirror to the vane and 
using a lamp and scale. This deflection is then a measure of the 
pressure p independent of the nature of the gas molecule. 

In the above theory, it is assumed that molecules arriving at the 
vane B or the plate A acquire the temperatures of these surfaces on 
impact. In fact, an accommodation coefficient a is involved, decided 
by 


where T is the temperature of the incident molecules at a surface at 
temperature T^, and is the temperature of the re-emitted molecules. 
If o!= 1, 7’r=r3 and the assumption is correct. It may be shown {see 
for example. Leek [60]) that this accommodation coefficient does not 
change the equation (2.14) even if a is less than unity (normally the 
case), provided its values at the heated plate A, the vane B, and at the 
inner walls of the gauge container are the same for all the gases used. 
This is not easy to arrange in practice, so variations of a with the 
nature of the gas do cause small variations of the gauge calibration. 

A design due to Dumond and Pickels [61] (Fig. 49) is representa- 
tive of the practice to introduce a fairly robust gauge for general pur- 
poses. The aluminium vane is in the form of a rectangular frame 
2'5xl0~® cm thick, the inner and outer edges of this frame being 
folded over to ensure rigidity. This vane is suspended about a vertical 
axle of aluminium wire of diameter 3x10“® cm, which passes through 
slits in the frame. A 1 cm diameter galvanometer mirror attached to 
this axle permits the angle through which the vane turns to be recor- 
ded by the use of a lamp and scale. The suspension wire from the steel 
taper plug at the head of the instrument is of tungsten. The taper plug 
acts as a torsion head to enable the angle of the vane to be set ; after 
such adjustment, wax is coated over the join of tliis plug to the top 
plate to ensure freedom from leakage. The suspension is centralized 
and prevented from swaying by the eyelets shown. Two nichrome 
heater coils (forming the plate at the higher temperature) are arranged 
on either side of the aluminium frame, one opposite each vertical 
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section A brass cylindncal cnwlopc, v ith a glass window to admit a 
beam of light, encloses the gaage, around which water jackets are 
arranged to ensure a uniform wall temperature Helmholtz coils, or a 
permanent magnet suitably disposed outside the instrument, are used 
to provide electromagnetic damping of the rane 
This instrument cannot be baked to degas iL Its range is from 10 • 



to 10“’ torr Glass envelope, bakeable, Knudsen gauges haNe also 
been constructed, but it is diflicuU to ensure a minimum pressure 
reading below 10“® torr because of mechanical vibration causing 
small vane oscillations 

2.6 Cold cathode Ionization Gauges 

When electrons pass through a gas, they will ionize it if their energies 
exceed the lomzation energy of the gas in question These ionization 
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energies extend from a minimum at 3-9 eV for caesium, through 14-5 
eV for nitrogen, up to a maximum for helium, for which the first 
ionization energy is 24-56 eV. The electrons colliding with gas mole- 
cules will produce positive and negative ions. The probability of 
ionization, decided by the number of ion pairs produced per cm of 
path of the electron at a given pressure, wiU vary considerably with 
the electron energy (a maximum at about 100 eV) and also with the 
nature of the gas. For a given gas and electron energy, the number of 
ion pairs produced will also depend on the pressure. If, therefore, an 




Fig. 50. The Penning gauge. 


ionization current is produced in a gas on application of a high vol- 
tage between electrodes, the magnitude of this current depends on the 
gas pressure. As shown in section 1.14, however, it is not possible to 
sustain sufficient ionization of the gas at low pressures unless the 
electron paths are greatly increased, which is done by causing them to 
spiral and oscillate in a discharge confined within a magnetic field. In 
1937, Penning [62] introduced an ionization gauge in which a pair of 
cathode plates is arranged on either side of an anode ring within a 
glass envelope (Fig, 50a), and an axial magnetic field strength of 
about 400 oersted is maintained to confine the discharge. A significant 
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ionization current, down to a pressure of 10“* torr, is then record- 
able m a simple design using the «ncs circuit shown m Fig 50(6) 
with a pover pack H T supply of 2,000 volt d c and a permanent 
magnet to maintain the magnetic field The supply is conveniently a 
voltage doubler rectifier unit working from the a c mams, the output 
being smoothed by condensers and chokes to give 2,000 volt d c at 
20 mA The ionization current is large enough to be recorded directly 
by a microammetcr supplied with a shunt which is switched in for the 
higher currents at higher pressures Alternatively, a tuning glow lamp, 
such as IS used in a radio receiver, will serve as a visual guide to the 
pressure 

As explained in section 1 14, electrons produced initially in the dis- 
charge, and on positive ion impact at the cathode, will travel in tight 
spirals to and fro about the anode ring before eventual collection at 
the anode In the very long paths described (several hundred times 
greater than the anode-cathode clearance), the probability of elec- 
trons ionizing the gas molecules is significant even at low pressures 
and corresponding long m f p *s 

The Penning gauge is sometimes known as a Philips gauge, because 
Penning w orked at Philips Glocilampcnfabncken m Holland A typi- 
cal calibration curve for air is given in Fig 51 This calibration will 
depend on the nature of the gas Normal practice is therefore to cali- 
brate the gauge for each gas concerned against a McUod gauge, but 
recently calibration against a standard orifice (section 3 9) has been 
preferred The maximum of the pressure range is at about 5 x 10“* 
torr 

Many vacuum equipment manufacturers market Penning gauges, 
which arc frequently used m industrial and laboratory practice for 
routine instantaneous pressure measurement obtained by a mecham 
cal/vapour pump combination over the range from 10“® to 5x10“* 
torr Both glass and metal envelope types are made The latter has 
conveniently the stainless steel, aluminium, or nickel plated copper 
envelope with flattened sides, at earth potential, to act as thecathodes, 
there is an inserted, isolated, anode frame Though a valuable indi- 
cator of pressure, the readings provided should be accepted with 
reserve Apart from the fact that the calibration depends on the 
nature of the gas, significant errors arc caused because the gauge 
pumps gas as the positive ions become embedded in the cathodes, and 
also because the cathode metal is sputtered, especially at the higher 
pressures of 10“* torr or more To minimize error due to this pump- 
ing, the gauge must be connected to the system by a short, wide tube. 
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preferably of at least 1 inch bore diameter. Errors are also caused 
because polyatomic molecules, e.g. of pump oil vapour, in the gauge 
dissociate in the discharge. Sometimes difficulty with initiating the 
discharge is experienced at low pressures. To minimize this, a small, 
sharp point is often attached inside the cathode to ensure production 
of electrons by field emission. The electrodes of a glass envelope 
gauge are usu^y made of nickel, but Penning employed zirconium 



Fig. 51. Ionization current against pressure curve for a Penning gauge con- 
taining dry air. 

cathodes on the basis that this metal has a low work function, so gives 
a copious supply of electrons in the discharge, and a low sputtering 
rate. These gauges cannot be as readily degassed as the hot-cathode 
ionization gauges (section 2.7); such degassing is best achieved by 
baking and eddy-current heating in vacuo. The gauge should not be 
run for longer than needed to record the pressure, so that excessive 
sputtering and pumping are avoided. 

A gauge of the type shown in Fig. 50 will give an ionization current 
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of about lOfiAat 10"® torr ItuiUtend to suffer current fluctualtons 
at a giv^n pressure, and sometimes irreproducible calibration, be. 
cause of a tendency to lomc osallation Penning and Ntenhuis [63j 
reduced these difficulties by a design having a cylmdncal instead of a 
frame anode, so that the discharge was virtually totally enclosed by 
the electrodes (Fig 52fl) 'They also used a higlier magnetic field 
strength of about 1000 oersted About 10 times the lomzation current 
in the early model vs-as obtained at the same pressure in air, uith a 
calibration from 5x10“’ to 5x10"* torr which was practically 
linear on log log axes (Fig 52b) 


(«) 




Fig 52 The PenmnB Tticnhois co]d<alhode Ionization gauge 


In recent developments of the co]d<athode ionization gauge, per. 
haps the most outstanding work is that of Redhead [641, who 
developed the inverted magnetron gauge and the magnetron cold- 
cathode gauge for use in the ultra high vacuum region down to and 
even below 10"” torr Of the two, the inverted magnetron gauge has 
been developed most, and commercial models are now available The 
term ‘inverted magnetron* arises from its similarity to the magnetron 
valve, with a central axial electrode surrounded by a separate cjlin- 
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drical electrode; but here the central one is the anode and the outer 
one the cathode, the reverse to the case of the magnetron itself. The 
term Redhead gauge is also frequently used. 

In extending the range of the cold-cathode gauge to far below 1 0 " 
torr (the limit of the Penning-Nienhuis type), Redhead appreciated 
that the limit to the conventional type was set by field emission elec- 
tron current from the cathode. This was obtained on attempting to 
use a p.d. considerably higher than 2 kV to ensure satisfactory initia- 
tion of the discharge at very low pressures. This field emission current 
is independent of the pressure and so sets the lower limit. Further, 
very efficient trapping of electrons executing very long paths was 
essential to obtain recordable currents in the ultra-high vacuum 
range. He therefore constructed a design in a glass envelope with a 
central axial anode wire of tungsten, 0-25 mm diameter, surrounded 
by two cylindrical box-shaped cathodes. The inner one of these cath- 
odes was 30 mm in diameter and 15 mm long, made of polished 
Nichrome V, and earthed through the d.c. amplifier used to record 
the ionization current. The surrounding isolated auxiliary cathode, 
also of Nichrome V, was directly earthed, i.e, was not connected to 
the d.c. amplifier. This auxiliary cathode was also provided with 
short cylindrical shields each 6 mm in diameter, projecting 2 mm in- 
side the ion collector cathode, from which they were isolated. A posi- 
tive potential of 6 kY with respect to earth was maintained on the 
anode, and the axially-directed, uniform magnetic field was 2,000 
oersted approximately (Fig. 53a). 

Apart from acting as an electrostatic shield against external dis- 
turbances to the ion collector cathode, the auxiliary cathode, with its 
short, projecting cylinders spaced 3 mm from the anode wire, pro- 
vided the initial field emission electrons needed to start the discharge. 
But this field emission current was not recorded by the d.c. amplifier. 
These short cylinders also protected the end plates of the ion collector 
cathode from the electric field, so preventing field emission from 
this cathode to the anode wire. 

A calibration curve for this gauge obtained by Redhead, with a 
magnetic flux density of 2,060 gauss and an anode potential of 6 kV, 
is sho^vn for dry air in Fig. 53(6). The ion-collector current, and 
the pressure, p, are related by the equation 

/o = kp^ 

where k is a constant of the gauge depending on the nature of the gas, 

and n is a constant for the gauge of value between IT and 1-4. 

5 + 
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The gauge is useful o\ef the pressure range from 10-’ to 10-“ 
torr At the low end of this range, the discharge took as long as 10 
mm to strike after application of the anode voltage, but stnkmg 
apparently always took place 



For dry air, this gauge provides an ionization current of about 
1 mA per millitorr To record pressures down to 10““ torr, there- 
fore, a good quality, stable, d c amphfier or wbrating reed electro- 
meter is needed to record the current 
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2.7. Hot-cathode Ionization Gauges 

The most widely used vacuimi gauge for pressure measurement below 
10"^ torr is the hot-cathode ionization gauge. It was introduced first 
by Buckley [65] in 1916, and developed in 1921 by Dushman and 
Found [66]. In its older, conventional form, this gauge is essentially 
similar to a triode valve. Electrons from a heated filament, in an 
envelope at the pressure to be determined, are accelerated towards an 
electrode maintained at a positive potential of 100 to 200 volt, well 
above the ionization potentials of the gases. Many of these electrons 
collide with the residual gas molecules in the envelope to form posi- 
tive ions which are collected on a third negative electrode. The posi- 



Fig. 54. Simple operating circuit for a hot-cathode ionization gauge. 

tive ion current to this negative electrode varies with the gas pressure. 
With the conventional triode valve geometry, the usual practice is to 
make the grid positive and the ‘anode’ negative with respect to the 
filament. The simple, basic, operating circuit is therefore as in Fig. 
54. The electron current to the grid, is recorded by the milli- 
ammeter, mA, and maintained at, say, 1 mA; this value being 
achieved by adjusting the filament current to obtain the appropriate 
filament temperature and emission. The grid is at a constant positive 
potential of, say, 150 volt. The electrons reach the grid with 
energies of 150 eV. Many of them traverse the spaces between the 
grid wires, are then retarded by the negative ‘anode’ (best called the 
ion collector C) back towards the grid, and tend to oscillate to and 
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fro about the grid a few times before being collected at the gnd wires 
The electrons ionize the gas mthe region about the grid, and the posi 
live ions formed go to the ion collector which is maintained at F, 
equal to, say, —25 volt with respect to the filament These positive 
ions reaching the jon collector provide an ion current Ip, which is 
recorded by the microammctcr pA, in senes with the supply ofnega 
live potential to this electrode This ion current will vary linearly 
with the gas pressure for a given gas, electron current, and potentials 
on the grid and ion collector For dry air at a pressure of 1 miUilorr, 
this current Ip will be about 20 pA, with T, equal to 1 mA 
An example of an earlier conwntional gauge head (Fig 55), due to 



Fig 55 HoKathoCc ioniration gauge head (Mone and 


Morse and Bowie [67] is made of Pjtcx glass in which a hair pin 
shaped tungsten filament is set up as the electron emitter This fila 
ment IS surrounded by a gnd in the form of a spiral of tungsten wire 
The ion collector electrode is a thin translucent, platinum film 
deposited over the central region of the inner wall of the Pyrex tube 
Electrical contact is made to this film by means of a wire embedded m 
the glass, with an external contact in the form of a metal ring round 
the centre of the gauge head The recommended operating para 
meters are + 150 volt on the gnd with respect to the filament, -25 
volt on the collector, and an electron current to the gnd of 5 mA 



123 


The Measurement of Vacua 

This gauge head design can be readily degassed, because the grid may 
be directly heated on the passage of current by connecting a 6 volt 
supply to the appropriate pinch leads; moreover, the envelope and 
the ion collector electrode may be baked in an oven or heated with a 
blow-pipe flame. 

For a given gas in the gauge, with given operating potentials, on 
the ion collector and on the grid, the positive ion current /p is 
directly proportional to the gas pressure over the range from 10 ~ ® to 
10"'^ torr approximately and to the electron current /g. Thus, 

/p = Sph 

5 = Ifph (2.15) 

where 5 is the sensitivity of the gauge. This will depend markedly on 
the nature of the gas because of variation, from one gas to another, of 
the probability of ionisation by electrons of a given energy. The sensi- 
tivity is usually given for dry air or dry nitrogen. S is quoted with /p 
in (jlA, 4 at 1 mA, and for a pressure of 1 millitorr, i.e. in [xA per mA 
per millitorr; or with f and 4 in amp, at 1 torr, i.e. in amp per amp 
per torr, equivalent to per torr. Note: 

S in (xA mA~^ mT"^ = S' in torr"^ 

A gauge with 5'=20 per torr, for dry nitrogen, will give a positive 
ion current 4 of 2 x 10 “ amp, for an electron current of 1 mA at a 
pressure of 10~® torr. To measure these small ion currents, a d.c. 
amplifier or a vibratiug-reed electrometer is required, because the 
limit of the usual box galvanometer is about 10"’’’ amp for a deflec- 
tion of 10 mm. Using a d.c. amplifier, the basic operating circuit is 
shown in Fig. 56. Here the electrode C is connected to the d.c. ampli- 
fier, which is conveniently earthed. Hence the ion collector C is at 
zero potential before an ion current is established. Consequently, the 
mean potential of the filament F must be made positive with respect 
to earth. This is achieved by a resistor R between the negative side of 
the filament and earth. As R carries the electron current 4. there is a 
p.d. of fR maintained across it (where R is the value of the resistor). 
As 4 is usually 1 mA, to make the p.d. across R equal to 25 volt, R is 
selected to be 25 kQ. 

Very low pressure ionization gauges. The lowest pressure which can 
be recorded by a conventional hot-cathode ionization gauge is about 
10 ® torr. At this pressure, the positive ion current is about 2 x 10“^° 
amp, as shown previously. There is no difficulty in measuring such 
currents with a calibrated d.c. amplifier; indeed, measurement down 
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to 10~" amp or lo«xr is expected practice with good quality d c 
amplifiers and vibrating reed electrometers, ^Vhy, therefore, will the 
gauge not indicate much lowerprc$surcs?Nottmgham [68J suggested, 
and It has since been amply confirmed, that the chief limitation is set 
by soft X>rays produced at the grid by electrons striking it with 
energies of V, eV, with I', about 150 \olt These soft X*rays will 
irradiate the ion collector electrode C, in doing so they wall release 
electrons from C The electrons leasing C form a residual current, 
which IS added to the current Jp due to positis e tons arriving at C The 
total current is therefore /*+/„ /, being the X*my photoelectric 



Fit 56 Duic operating circuit of a botothode iontzalton gauge ailh d c. 
ampliber 

current Whereas vanes with the pressure, /, docs not. In the con- 
ventional gauge, 7, is equal to I, at a pressure of about ]0~* torr 
Hence, below this pressure, the recorded current to the ion collector 
electrode C becomes largely independent of the pressure 
Sbon alter ^I'oftmgfiamis suggesuon, ffayartfanrf Afpert fd^/intro- 
duced a design of hot-cathode ionization gauge head in which this 
residual constant current, /„ due to X rays, was reduced by a factor 
of from 100 to 1,000 or more The gauge they introduced was then 
able to record pressures down to IO~*® torr and below The ingenious 
solution was to ^e^’c^se the positions of the filament and the ion col 
lector the filament was erected outside the cyhndncal gnd and the 
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ion collector was made a thin wire along the central axis inside the 
grid. In the design of Fig. 57, two hair-pin tungsten filaments, FF, 
are present, one acting as a spare. The thin tungsten wire, ion collec- 
tor electrode has a diameter of 0-1 mm or less. X-rays are still pro- 
duced at the grid on impact of the electrons from the filament, but 
their interception by the ion collector wire is now 100 to 1,000 times 
less than it was by the conventional, outer, cylindrical ion collector. 

I on collector wire 



Fig. 57. Principle of the Bayard-Alpert hot-cathode ionization gauge. 

So the residual X-ray current 7^ is reduced correspondingly, being 
comparable with 7p at pressmes now as low as 10“^° torr or less. This 
type of gauge still has a sensitivity S comparable with that of the con- 
ventional design, because the ionization region is chiefly within the 
considerable volume just inside tlie cylindrical grid, but it now has a 
range of response from lO'^tolO"^® torr or below. Indeed, by far 
the majority of hot-cathode ionization gauges are of the Bayard- 
Alpert type, as they operate as satisfactorily as the conventional pat- 
tern with the advantage of an extended pressure range. Furthermore, 
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they arc easier to degas because of the absence of the large cylindrical 
ion collector ssliich is replaced by a thm wire The technique of obtain 
ing ultra high \acua may be said lo have begun m 1950, svith the 
introduction of this Bajard^Alpert Range (BAG), because it pro- 
vided for the first time a satisfactory means of recording pressures 
below 10“* torr 

A good model of commercial Bayarf Alpert gauge is the Mullard 
Ltd typcIOG-12(rjg 58o) This is contained within a glass envelope 



fis Jl (a) The Mullard hot<athcK!e lonualion giugc head (ft) Basic opera 
ting circuit 


for attachment by tubulation to the system A single, inverted, V- 
shaped, tungsten filament is set up along the axis of the glass ensclope 
to avoid asymmetncal heating and degassing of the s\all, brought 
about in the original Bayard Alpert design with its off axial heated 
filament near one section of the wall Furthermore, the inner wall of 
the glass emclope is coated with tin oxide This forms a conducting 
layer to which connection can be made by a lead in through a glass 
lo metal seal By maintaining this layer at the lon-coIlector potential 
(Fig 58h), two advantages arc gamed, excess primary electrons arc 
attracted directly to the walls rather than oscillating around the col- 
lector, ensuring stable measurements, and possible bistable operation 
of the gauge is avoided Carter and Leek [70] have shown that the 
glass surface of the normal BAG envelope can become stabilized at 
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a potential equal to that of either the cathode or the positive grid; the 
second case particularly occurs at grid potentials above +250 volt. 
Changes from one stable state to the other are unlikely at grid poten- 
tials of + 150 volt, but, if they occur, considerable alterations result in 
the gauge characteristics. Moreover, it is preferable to ensure a defi- 
nite glass surface potential, rather than one decided by the ratio of 
the secondary to the primary electrons at this surface. 

The pressure range of the Mullard IOG-12 is 10"® to 10"^^ torr, 
with a sensitivity S for dry nitrogen of 12 per torr. Typical operating 
potentials are shown in Fig. 58(Z>). The calibration curve of positive 
ion current against pressure, with an electron current of 1 mA, is 
linear over the range 10"® to 10“^^ torr. 

In the operation of a hot-cathode ionization gauge, it is essential to 
degas thoroughly the envelope and the electrodes. The degassing is 
first achieved by bake-out of the gauge, when under vacuum at 10"® 
torr or less, by heating in an oven to 450°C (assuming a borosilicate- 
glass envelope). Degassing of the electrodes can be by eddy-current 
heating or by the passage of current directly through the grid of a 
design such as that of Morse and Bowie, The usual and best practice, 
however, is to degas the electrodes by electron bombardment. To do 
this, the filament current, and therefore emission, is increased above 
normal values (filament voltage is 8 volt with a filament current of 
1-9 amp, for degassing the IOG-12, whereas this current is only 
F45 amp at a voltage of 4-4 volt to obtain /e= 1 mA), and a positive 
potential of 400 to 600 volt is applied to the grid and ion collector 
strapped together (the conducting layer of the IOG-12 is left floating 
in potential during degassing). The wattage dissipated in these elec- 
trodes is then the product of 4, the electron current in amp, and Vg 
the positive grid voltage. A dissipation of about 40 watt is demanded 
in the grid of a B. A.G. to heat it to about 800°C, so that it glows red. 
The IOG-12 gauge, for example, is degassed at re= 550 volt and4= 
75 mA, giving a dissipation of 550 x 0-075 = 41 watt. This degassing 
should be continued for 30 to 60 min, at the lowest attainable pres- 
sure, when first setting up the gauge. Cleanliness of the grid is par- 
ticularly important in recording ultra-high vacua, and such degassing 
should be undertaken whenever it is suspected that the electrodes 
have sorbed gas. 

A hot-cathode ionization gauge exhibits a chemical and an electri- 
cal pumping action. The former is due to gas reacting at the hot fila- 
ment; this is particularly prevalent with oxygen, due to chemisorption 
and chemical action, and with hydrogen, because it dissociates partly 



128 JfiS^ Voetmm Technique 

lo atomic h>drogen when coming into contact with a filament at high 
temperature, and atomic hydrogen n readily sorbed at the gauge v.a\l 
The electrical pumping is due lo positive ions which are sorbed on 
reaching the ion collector and also the glass wall at or near earth 
potential Thus, a positive lori with an cncfg>, say, 150 cV, created 
near llic grid, and travelling to the ion collector or the wall, will have 
adislmcl probability of becoming buned in the surface Again, and m 
addition to the chemical pumping the filament ofa hot-cathodeiomza* 
non gauge, operated m a vacuum created by an oil difTusioa pump, 
without efiicicnt trapping against back streaming, will be likely to 
dissociate oil molecules and react m an uncertain wa> with the decom* 
position products 

A gauge head which pumps gas, and which may also evolve and 
dissociate gas, will be at a diflerent pressure from that prevailing m 
the system, to which it is connected by tubulation This pressure dif* 
fercnce will be the more pronounced the lower the conductance to 
gas flow of this (ubulation As emphasized b> Blears, [7] ] it is there 
fore necessary to ensure that the connecting tubulation used is short 
and of as large a diameter as possible to minimize pressure gradients 
between the gauge head and the system In general this tubulation 
should have a diameter exceeding 1 inch 

In this connection, it is good practice if possible, to immerse the 
gauge electrodes directly into the chamber in which the pressure is to 
be recorded For this purpose, several manufacturers provide nude 
gauge heads, an example of which IS showmn Fig 59 For the same 
electrode geometr), the removal of the envelope from the gauge 
changes the sensitivity and probably reduces residual current effects 
resulting from desorption of ions 

The thoroughly degassed gauge head attached to an ultra high 
vacuum system can giv c misleading results near the ulumate pressure, 
where the pumping speed of the system itself is small This is because 
of the pumping action of the gauge itself Considering the elcctncal 
pumping suppose Jp is the posmve ion current to the ion collector and 
Ip the positive ion current to the walls Assume that all the ions which 
reach the waffs and coffector are retained and each ion has a siogfe 
positive charge of numerical value r, the electronic charge The 
number of ions sorbed per sec is (/p+/w)/e, where /, and Iw are in 
amp, and e is in coulomb Both 1, and increase in proportion lo 
the electron current 7, to the gnd To reduce the electrical pumping 
speed 7, is therefore reduced m magnitude Generally, 7, is set at 
100 fxA, or as low as 10 pA, to ensure that elcctncal pumping is negli 
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gibly small. As this reduction of 4 is brought about by reduction of 
the filament temperature, chemical pumping and other reactions at 
the filament are also reduced. 

Further reactions of the hot tungsten filament with the gas in the 
gauge head can frequently be troublesome. For example, commercial- 
grade tungsten wire contains about 0-01% by weight of carbon. If 
operated as an electron emitter at, say, 2,000°C, and at pressures up 
to 10'* torr, the partial pressure of the oxygen present will drop 
rapidly because of tlie formation of carbon monoxide (CO) and 



Fig. 59. A nude hot-cathode ionization gauge head (based on gauge of 
Vactronic Lab. Equipment, Inc.). 

carbon dioxide (COg) at the filament. The partial pressures of these 
gases will rise. 

The remedy is to use a thermionic emitter of lower work function 
than tungsten, so that comparable emission per unit surface area can 
be obtained at considerably lower temperatures. Oxide-coated fila- 
ment emitters have been used, but unfortunately tend to become 
poisoned in the presence of some reactive gases, particularly oxygen 
and hydrocarbons. Chemically-inert rhenium is useful here as an 
alternative to tungsten. The best practice is probably to use lantha- 
num hexaboride (LaB6)-coated rhenium, giving an emission of 10"^ 
amp per sq cm at a temperature of ],250°C; whereas pure tungsten 
has to be heated to 2,200°C to give this emission. 
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This ability to use a much lower filament operating temperature 
also gi\cs longer filament life Thona-coated indium or rhodium 
filaments have also been used successfully (Wemrcich and Bleechcr 
[72]), but at present most commercial gauge beads sUll has c tungsten 
filaments 

A provision, which is virtually a necessity, to ensure reliable opera* 
tion of a hot -cathode ionization gauge without frustration, is an 
emission regulator, whereby the electron current /, to the gnd is kept 
constant Withfixedvaluesofthcpositivegndvoltage V, sanations 
of 7, occur due to vanalions of the filament supply voltage (usually 
from an a c mains step-down transformer) and to a small extent due 
to vranalions of the gas pressure Electronic emission regulator c«* 
cults arc designed to ensure that any tendency for 7, to increase is 
used to momtor automatically a decrease of the filament current, 
vice versa for a decrease of 7, Rapid operation and adequate sensi 
imty and control are needed to achieve a balance whereby 7« is kept 
constant to within less than ±0 1% A typical and excellent vahe 
circuit for emission regulation ts that developed by Steckelmacher 
and Van der Mcer p3] Transistorized circuits have been developed 
by Holmes [74] and Denton [75] The th>n$lor is a semiconductor 
device which has characteristics particularly appropnate to the de- 
velopment of an emission regulator arcuit (Close and Hodges [7dp 

The d c amplifier necessary for recording the positive ion current 
can be of the simple design based on a twin mode valve shown in 
Fig 60 This figure also shows the voltage regulator tubes, Vj and 
Vi which sene to keep constant the gauge and circuit operating 
potentials A better d c amplifier due to Allenden [77] which has 
been found particularly good for recording currents down to 10*** 
amp or below, is based on ME1403 electrometer valves A simple, 
easily-constructed d c amplifier empio) mg an ME 1401 electrometer 
valve w ith battery operation, which has been found very convement 
for college experiments on ionization gauges, is desenbed by Yanvood 
and Close [78] The new metal oxide, scnuconductor transistors 
(MOST) arc very attractive for d c amplification (Close [79]) 

The range of the Bayard Alpert ionization gauge is from 10“® to 
10'*° torr or below Redhead [80] has extended the lower end of this 
range by a factor of 10 or more by introducing a modulated Bayard- 
Alpert gauge (Fig 61) The normal B^G head construcUon is used 
with the addition of a modulator electrode m the form of a straight 
wire set up parallel to the ion collector and just inside the cyhndncal 
grid The potential on this electrode is switched between earth and 




Fig. 60. An operating circuit for a hot-cathode ionization gauge with d.c. amplifier, stabilized power supply, and manual control of 

the emission current. 
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that of the positive grid As a result the positive ion current to the 
earthed ion collector is moduhted by 30 to 40% whereas the residual 
current due primarily to X radiation of the ion collector is unaffected 

High pressure lonliatlon Raoses. Above 10 * torr, the calibration 
graph of positive ion current against pressure for a hot<athode 
ionization gauge departs from linearity, and, indeed this current 
tends to level off to a constant value independent of pressure The 
reasons for this follow 

(<t) At the higher pressures the lengths of the paths executed by 
the electrons in travelling from the filament to the positive grid be 



Rg 61 A Dsyard Alpert gsuge with moOubtof eicctxode (after Redhead) 

come comparable with them fp ofihe electrons in the gas Gsnsc 
quenily, more and more electrons begin to lose energy by making in 
elastic collisions with gas molecules, which result in excitation but 
not ionization as the pressure J$ tnercased Significant fractions of 
the total number of electrons therefore hav c reduced energies towards 
the ends of their paths, and so have lower ionization probability, 
which IS expressed as the number of ion pairs produced per cm of 
path 

(b) On ionization by collision of electrons with the gas molecules, 
ion pairs are produced, each pair consisting ofan electron and a posi 
live ion These electrons arc of low energy and do not contribute 
significantly to further ionization However, they will travel to the 
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positive grid. The electron current, to the grid is maintained con- 
stant during measurement. If a considerable fraction of this current is 
due to these low energy electrons and not to those directly emitted 
from the hot filament, the sensitivity of the gauge will appear to fall 
off. This effect becomes more pronounced as more ion pairs are 
created, at the higher pressures. 

(c) A positive-ion space charge begins to form in the filament 
region, and a glow discharge appears at pressures of a few millitorr. 
Owing to the plasma formed, scattering of positive ions away from the 
ion collector to the walls and other electrodes begins to become large 
enough for the ion-collector current to faU off significantly. This may 
be counteracted to some extent, because loss of ions from the col- 
lector, due to axial drift away from the discharge space, is greater at 
the lower pressures. 

Schulz and Phelps [81] have designed an ionization gauge (Fig. 62) 



Fig. 62. The Schulz and Phelps hot-cathode ionization gauge head electrodes 
with a range from 10"® to 0-6 torr. 

in which these three factors are minimized in their effect, to the extent 
that it can be used to record pressures without departure from linear 
calibration up to 0-6 torr. Their simplest design (Westinghouse model 
WX4145) consists of a straight iridium filament of diameter 0T25 
mm along the axis between two parallel molybdenum electrodes set 
0-125 inch apart, each 0-5 by 0-375 inch. One of these is the ‘grid’, at 
a positive potential of 60 volt, and acts as the electron collector, and 
the other is the ion collector at a negative potential of —60 volt. The 
short electron path without oscillation from the filament to the posi- 
tive plate at a comparatively low potential ensures that an electron is 
u^kely to make more than one collision, so reducing greatly the con- 
tribution due to factor (a), but at the sacrifice of gauge sensitivity, 
which is only 0-6 torr”^ for nitrogen. This provision further limits 
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factor {b), to the extent that those electrons resulting from ion pair 
formation are less than 10% in number of those emitted from the 
filament, even at o pressure of 0-15 torr, Eflfectivc positive ion collec- 
tion at the higher pressures (factor e) is brought about by the pro- 
vision of an ion collector electrode of large surface area compared 
with the filament, and at a high negative potential (—60 volt) to 
ensure parallel plane equipotential surfaces between the electrodes. 
However, the low sensitivity combined with the necessary large ion 



Fig 63. The LafTerty hot-cathode ioniudoa gauge head. 

collector area vvill mean that the low pressure limit of this gauge is at 
about 10*® torr, due to the X-ray effect. 

This gauge has been used for measuring the pressures of chemi- 
cally active as well as inert gases in the pressure range from 10"* to 
0 6 torr. 

Extended electron path gauges. Several attempts have been made to 
increase the sensitivity of hot-cathode ionization gauges by causing 
the electrons to execute very long paths from the filament to the 
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electron collector. One of the most successful of tliese is the Lafferty 
gauge [82], or hot-cathode magnetron ionization gauge (Fig. 63). This 
consists of a hair-pin hot filament along the axis of a cylindrical 
positive anode with negative end plates, one of which acts as the ion 
collector and the other as a shield. A magnetic field provided by an 
external cylindrical magnet maintains a flux density B directed along 
the axis of the anode. This flux density is large enough to ensure that 
electrons emitted from the filament spiral around the axis in many 
orbits before being collected at the positive anode, i.e. the flux density 
exceeds the magnetron cut-off value. The electron density within the 
enclosed space between the electrodes is therefore greatly increased by 
the magnetic field, and, owing to the very long paths they execute, 
the probability of ionizing the gas by tliese electrons is considerably 
larger. The positive ion current is recorded to one or both of the disc- 
shaped end plates. With a 0-2 mm diameter, tungsten filament, f inch 
kmg, as asode of H isch diasieter asd 1 r inch hng, and a magnetic 
flux density of 250 gauss, the positive ion current is 25,000 times the 
value obtained without the magnetic flux, but the electron current is 
reduced by 50. The ratio of the ion current to the X-ray photocurrent 
is thus increased 1*25 x 10® times, so that the ion current should only 
equal the X-ray photocurrent at pressures of 2-5 x 10"“ torr, giving 
the lower limit of the gauge. 

The anode potential was 300 volt, positive with respect to the fila- 
ment, and the emission current was adjusted by tfie filament tempera- 
ture to be 10"'^ amp, with zero magnetic field. This very low emission 
avoids the excessive pumping action and liability to unstable opera- 
tion due to oscillation, prevalent in previous designs. 

General considerations. The outstanding advantage of the hot- 
cathode ionization gauge is its ability to record pressures in the range 
from 10“® to 10“^^ torr or below, using the Bay<ird-Alpert type. It is 
rivalled only by the cold-cathode gauge in this connection. Indeed, it 
is the common choice for low pressure measurements and is very 
widely used. 

Its disadvantages are apparent from the foregoing descriptions. 
From the practical point of view, these may be summed up by stating 
that any pressure measurement by these gauges is suspect in that it is 
difficult to know the errors involved. Certainly, any value quoted to 
more than one significant figure is dubious, even with the best prac- 
tice. Thus, one might believe a result of, say, 3 x 10"® torr but cer- 
tainly not 3-2 X 10"® torr, and even the first quote may really mean 
that the pressure is anywhere between 10"® and 5 x 10~® torr! 



136 Vacuum Technique 

The disadvantages and problems associated with the use of hot* 
cathode ionization gauges may be summarized bncQy 
(a) The calibration depends on the nature of the gas Calibration 
against a standard (the McLeod gauge, or best the standard onflce, 
section 3 9) is cssentnl for every gis used At the low pressures con 
cemed, the problem is aggravated because the constitution of the 
residual gases is often unknown, and the presence of small amounts 
of impunty can markedly affect ionization characteristics of gases In 
many cases, a gas analjser m the form of a mass spectrometer or 
omegatron (section 2 9} is essential Even then difficulties arise, be* 
cause switchmg*on the filament of the gauge or the gas analyser can 
significantly alter the gas composition at ultra htglt vaeux 
As a guide to the variation of sensitivity of hot-cathode lomsation 
gauges with the gas. Leek (83) gives tabulated data Typical results 
arc from the Edwards High Vacuum Ltd 1G*2 and IG*3 gauges, 
which have the following sensitivities, S, referred to nitrogen as unity 
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(b) Thegaugeheadisasourceofgasandalsopumpsgas Thehead 
must therefore be very thoroughly degassed, maintained clean, opera 
ted with low electron currents to the grid, preferably hav e a low tem 
perature filament, and be separated from the position at which the 
pressure is to be determined by a path of ns large a conductance to 
gas as possible 

2 8 JJai/ieaez/ce /cnicaf/<m Omses 

A principle of low pressure measurement, first applied to the develop- 
ment of a vacuum gauge by Downing and Mellcn [84] is to ionize the 
residual gas in an envelope by the radiations from a radioactive iso- 
tope Alpha particles from radium and beta particles from tntium 
have both been used The ionization current measured between two 
electrodes m the gas is a linear function of pressure over a wide range 
The gauge bead due to Downing and Mellen (Fig 64), known as 
the nlphatron, employs a pellet of gold radium alloy contaimng 0 2 
mg of radium m equilibnum with its disintegration products This is 
sealed m a small capsule with a wall thin enough to allow the escape 
of the alpha particles but not the escape of radon gas, a daughter 
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product of radium. This capsule is at the base of a box-shaped grid 
with a central, insulated, cage-type electrode within the gauge 
housing. A stable d.c. potential of 30 to 40 volt is maintained across 
the two electrodes, the outer grid being positive, with a d.c. amplifier 
in series to measure the ionization current. The radium with its very 
long half-life of 1,622 years emits alpha-particles at a constant rate; 
these ionize the gas. The ionization current is 2x 10"^“ amp at 1 torr 

ao-40V contained Output 



Fig. 64. The alphatron. 


for dry air, and is directly proportional to the pressure over the range 
from 10"® to 100 torr or higher. Unfortunately, the low pressure 
limit is at 10"® torr because of the difficulty of measuring accurately 
currents less than 2x 10"^® amp, but later gauges have been devel- 
oped using more powerful sources of radium in which 10"® torr can 
be recorded. Moreover, designs able to record up to 1,000 torr have 
been made. The calibration depends on the nature of the gas. The 
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linear calibration of ionization current against pressure for a given 
gas 1 $ a considerable advantage, as also is the fact that there is no 
filament to bum out or react with gas The difiiculty of measuring the 
lower pressures, the precautions demanded to avoid exposure of per- 
sonnel to the gamma radiation from the radium, and their rather high 
cost have precluded their general use in the laboratory An interesting 
special application has been to install the alphatron in rockets, to 
measure the atmospheric pressure at high altitudes 
Vacca, [85], Rochng and Vanderschmidt [86] and also Blanc and 
Dagnac [87] base used tritium asasource of beta particles m a radio- 
active ionization gauge The tritium, which is a gas (hydrogen 3), is 
absorbed in a film of titanium depiosiicd on a stainless steel or silver 
disc about 3 cm in diameter It emits beta particles with a maximum 
energy of 18 keV, a half-lifc of 12 3 years, and decays to stable helium 
3 with the advantage that there is no emission of gamma radiation 
The beta-particles emitted are easily absorbed in the walls of the 
gauge head, so there is a less severe protection problem than with the 
alphatron Gauges of this kind with pressure ranges from 10 *tol0 
torr have been constructed Towards the lower end of the range, the 
curxc of ionization current apmst pressure departs from hneanty 
and tends to a constant value irrespective of pressure because of tbe 
electrons released by X-ra)-s produced by impact of the beta particles 
on the walls of the gauge head and the collector electrode Departure 
from linearity also occurs at the higher pressures, due to absorption 
of the beta particles by the gas This can be reduced by using small 
electrode separations, but 100 torr is the extreme upper limit possible 
In general, beta-emitter gauges arc designed with larger electrode 
separations for the lower pressure region from about 10 * to 1 torr, 
and small separations for the higlicr pressures Blanc and Dagnac 
describe a three-cIectrodc gauge in which two difTerent electrode 
separations can be chosen at will, one being 5 mm for the pressure 
range from 10 to 100 torr, and the other at 50 mm for the range 10** 
to 10 torr 

29 Partial Pressure Measurement Gas Ana\}sers 
In many cases of low pressure measurement, especially in the region 
below 10'“ torr, it is not enough to know the total pressure, the par- 
tial pressures of the various constituent gases, and what these gases 
are must be known Thus, a process may be such that it would be 
ruined on being undertaken at a total pressure of 10*“ torr, if the 
residual gas were chemically active, say oxygen, whereas a total pres- 
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sure of 10"® torr would suffice if the partial pressures of the active 
gases present were, say, below 10"® torr. 

There are several types of gas analysers and many hundreds of 
papers have been written about them. Many are able to determine the 
residual gases present but without recording satisfactorily their par- 
tial pressures; some can be calibrated to record partial pressures with 
considerable precision. Of the several instruments, only two widely 
used ones are described here: the 180° magnetic deflection type mass 
spectrometer, as exemplified by the MS 10 mass spectrometer of 
Associated Electrical Industries (Manchester) Ltd.; and the omega- 
tron. Of the other instruments, not to be described, probably the most 



Fig. 65. Principle of 180° magnetic deflection mass spectrometer. 

promising is the quadrupole mass filter (Gunther [88]); commercial 
versions are made by Varian Associates Ltd., and by Atlas-Werke 
A.G., Bremen. 

In the magnetic deflection mass spectrometer, the gas is ionized 
usually by impact of electrons from a thermionic filament, which are 
accelerated to a positive electrode. This is done within a confined ion 
source, generally following the pattern originated by Nier [89]. The 
positive ions produced are extracted from an outlet slit of the ion 
source, accelerated by a p.d. of Fbetween this slit and a second paral- 
lel slit, and then directed into a uniform magnetic field of flux den- 
sity B, the field lines of wliich are perpendicular to the ion paths (Fig. 
65). A positive ion of mass m and charge ne, where e is the electronic 
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charge and n is an integer, will thereby undergo deflection in this 

field through a path along the arc of a circle of radius R given by 

^ = Bnev (2 16) 


where v is the velocity of the ion leaving the second slit. As this 
velocity IS acquired by accelerating the ton through the p d K, 

I'ne«J/nr* (2 17) 

From equation (2 17), 

Substituting in equation (2 16), therefore, 


BneR 

“ V(2Kfle/m) 
R^R^/te 


(218) 


Ifa particular, fixed value of the radius R of the circular path m the 
magnetic field is defined by slits, and the positive ions which emerge 
from the final, defining slit are collected at an electrode, at which the 
current they produce is measured, for a constant value of the mag* 
netic fiux density B, 

(2.19) 


where /: is a constant This equation will decide the mass, m, of a 
positive ion which produces the maximum output current Forsmgly- 
chai^cd positive ions, which occur (he most frequently, n is unity 
If, therefore, the ion*acceIcrating p d Fis \aned, agraph can be 
plotted of positive ion output current against V, or I/F, which will 
show a senes of peaks, each peak corresponding to the presence of 
positive ions of a mass t<xharge ratio m/ne given by equation (2 19) 
(where k is a constant of the instrument) Considenng for simplicity, 
the case where n is unity, a mass spectrum will therefore be obtained 
with each peak corresponding to a particular mass Further, the rela* 
tivc peak heights will depend on the relative abundance of the vanous 
ions present As the mass of the singlj -charged positiv’c ion equals 
that of the corresponding atom or molecule, except for the very small 
correction due to the mass of the single electron, the atoms or mole- 
cules present are identified from the masses recorded 
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In the 180° magnetic deflection mass spectrometer, the ion beam is 
deflected through an angle of 180° in the magnetic field, so the beam 
describes a semicircle. Other angles of deflection; 60°, 90°, and 120°, 
have been used in several designs, following the pioneer work of 
Dempster [90] and Nier, but the 180° instrument is the most popular 
in application to the analysis of residual gases in vacuum practice. 
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Fig. 66. (o) The Associated Electrical Industries Ltd., mass spectrometer 
MSIO. (6) The ion source of the MSIO. 


Within the semicircular path, focusing of the ion beam takes place 
whereby the emergent ions at the collecting electrode form an 
approximate image of the slit, to which the ions from the ion source 
are initially accelerated. 

Excellent practice in the design of a 180° instrument is typified by 
the Associated Electrical Industries, Ltd., MSIO mass spectrometer 
(Fig. 66a). The envelope is a stainless steel box with circular end 
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flanges, the box is between the pole pieces of a permanent magnet, 
which provides a magnetic flux density of 2,000 gauss (0 2 weber per 
sq metre) m a gap of width inch The ion source (Fig 666) 
electrodes and the lOn collector system are mounted on coser 
plates, which arc sealed to the flanges by gold-wire seals (section 
3 8), so that ready demountability IS assured and the instrument, with 
the magnet removed, can be baked-out at 400°C to degas it under 
vacuum The thermionic filament F of the ion source produces elec- 
trons which are accelerated by a voltage variable from 5 to 105 
volt relative to the filament F (70 volt ts a typical value), to the slit Sj 
and into the ion source box. where they pass in a ribbon beam to the 
slit Sj Here they emerge to the electron trap Et, at a potential F, of 
approximately 35 volt, to prevent secondary emission, the electron 
trap current being regulated at 50 or 10 pA Each of the slits, and 
$ 3 , IS 0 04 inch wide The positive ions created m the gas in the wake 
of the electron beam are repelled away from the electron beam by the 
potential of -5 to -»-10 volt on the ion repcller plate, so these 
ions emerge from the exit slit, S, 

The ions emerging from Sj arc accelerated by the p d F* to a 
parallel sht S| The electrode contaimng the slit S« is at earth poten- 
tial, Sj being set at a variable positive potential, of between 40 
and 2,000 volt with respect to earth The accelerated positive ions 
then describe semicircular paths m the electric field-free space within 
the earthed stainless steel box. itself within the magnetic field The 
radius R (Fig 66a) of the selected semicircular patli « 2 inch (5 cm), 
and is defined by the slit S(, the exit collector sht Ss (0 5 inch long and 
0 02 inch wide), and an intermediate sht Z at the 90* position, which 
limits the angle of divergence of the positive lon b«m to 4*. The 
collector electrode £« behind the exit slit is joined to an electrometer 
amplifier .aflerd c amplificauon.thedisplayisonarccorder Variation 
of the lon-accelcrating v oltagc F, from 40 to 2,000 volt enables masses 
inlherangefromZto 100atomtcmassumts(a m u ,wherclara u « 
Vi ofthe mass of the carbon I2atom) to be scanned With an electron 
trap current of 50 pA, an electron trap potential F| of 70 volt, and the 
lon repe'fier vo*iiage aX 1 volt, the sensitivity oT theM^lt) vanes from 
a minimum of 0 89 x 10 * amp per torr for helium to a maximum 
of 5 6x 10'® amp per torr for argon, with a value of 3 6xl0~® amp 
per torr for nitrogen , this last figure corresponds to a sensitivity of 0 7 
per torr. The maximum operating pressure that can be used in the 
spectrometer is 10** torr The mass resolving power, m/Am (where 
^1 corresponds to the mass difTcrcnce that can be distinguished for 
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a 1% valley between neighbouring peaks), is approximately 50. A 
1% valley means here that two adjacent peaks of the same height 
would each contribute 0-5% to the valley midway between the 
peaks. 

Typical ‘cracking’ patterns obtained with the MSIO for nitrogen, 
oxygen, carbon monoxide and methane, are shown in Fig. 67. The 
presence of the molecule, the separated atoms, and the isotopes are 
clearly shown. 

This instrument has been extensively used for analysing the residual 
gases in vacuum systems under a wide variety of conditions, showing 



Fig. 67. Some typical cracking patterns obtained with the MSIO. 


the effects of different types of pump, bake-out, nature of envelope 
material, activation and operation of thermionic cathodes, etc., over 
the total pressure range from 10"^ to 10"^° torr, witli the ability to 
detect partial pressures of 10"^^ torr. By careful calibration or use of 
data provided by the manufacturer, partial pressures can be estimated 
from the peak heights in the characteristic cracking pattern of the gas 
concerned. 

The omegatron, introduced originally by Sommer, Thomas, and 
Hippie [91] and first adapted for gas analysis in vacuo by Alpert and 
Buritz [92], is similar in principle to the cyclotron. Typically, a 2 cm 
cube box is formed from a platinum-iridium or a gold-plated, non- 
magnetic, copper-nickel alloy, or stainless steel sheet, with the top 
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and botlom electrodes, P and P|, clectncally isolated from the box 
walls (Fig 6S) This structure ts mounted m a glass envelope Elec 
Irons from a thermionic filament F are acMleraicd through an aper 
turc A|, into the box, to form an axial beam which then leaves 
through an aperture Aa m the opposite wall, then it is monitored on 
an electron collector electrode ^ A uniform magnetic held of flux 
density Jis maintained by a permanent magnet around the envelope, 
with the field lines parallel to the electron beam passing from Ai to 
As A radio frequency p d or05to2\oUrms is maintained across 
the electrodes P and Pi, and an ion collector electrode, E, is inserted 
within a slot through one of the plates, say Pi 



Positisc ions are created in the residua] gas in the region of the 
electron beam During the half-cycle when P is negative with respect 
to Pi, these ions will mo\ e towards? They may not reach P, howes er, 
because thev are cuned into a path of radius R by the action of the 
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perpendicular magnetic field. R is given for a singly-charged ion by 

R = mvjBe 

where v is the mean velocity of the ions. 

The time, 1/2, taken by these ions to describe a semicircle is 

Tjl = ttR/v = irmlBe 

which is independent of R and of v. If, therefore, the period of the 
alternating voltage across PPi is made equal to T, a particular ion of 
mass-to-charge ratio mje will just finish describing a semicircular 
path as the p.d. across PPi is reversed. So the ions are now directed 
towards Pi, where, though their velocity is increased, they will now 
describe a semicircular path of larger radius but in the same time, Tjl. 
The path of a positive ion is consequently a spiral terminating at the 
ion collector Ei, provided that 


in 

e 2 ,tt (x> 


( 2 . 20 ) 


where oi is the pulsatance of the alternating p.d. across PPi, and w/e 
the mass-to-charge ratio of the so-called resonant ion. 

With a given value of B, say 2,500 gauss, variation of the frequency 
from 50 kc per sec to 3 Me per sec will enable singly- 
charged positive ions to become resonant at particular frequencies, 
so giving peak ion currents for values of mje in the range from 2,500/ 
(27rx 5 X 10*) to 2,500/(27r x 3 x 10®), i.e. from 8 x 10"® to 1-33 x 10"*. 
As e= 1-6 X 10~2® e.m.u. for a singly-charged ion, this corresponds to 
masses from 1-28 x to 2-23 x 10"^* gram, which includes masses 
in atomic units (1 a.m.u. = 1-66 x 10"®* gram) from 75 to 2, i.e. from 
selenium 75 to deuterium and molecular hydrogen at 2. 

A simplified operating circuit for the omegatron (Fig. 68) shows 
typical values of the potentials used. Note the positive trapping 
potential of about 0-5 to 1-0 volt applied to the box, relative to one of 
the radio-frequency plates, to produce an electric field, which reduces 
the loss of ions in the direction of the magnetic field. 

The omegatron can be baked at 450°C and the electrodes degassed 
by induction heating (p. 244). With an electron current of 4 pA a 
sensitivity for nitrogen of 10 per torr is obtainable, which is compar- 
able with the hot-cathode ionization gauge and more than 10 times 
that of the magnetic deflection mass spectrometer. The resolving 
power decreases with the mass of the ion. 

The small mass spectrometer and the omegatron have similar 
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functions in providing an analysis of gases at total pressures m the 
range from 10"* to 10"*® torr The resolution of the mass spectro- 
meter is superior, and it can be more readily calibrated to read actual 
partial pressures of the constituent gases Furthermore, the interpre- 
tation of the cracUng patterns is easier, as fewer problems of inter- 
preting the significance of mass lo-chargc ratio appearanws arise 
The chief adsantage of the omegatron is its higher scnsiti\it> 

Z 10 The Ranses of t'acuuin Gauges 

The range of pressures over \shich the various vacuum gauges des 
enbed will operate usefully arc denoted by the chart of Fig 69 
Methods of calibrating vacuum gauges are described in section 3 9 





CHAPTER THREE 


VACUUM SYSTEMS, COMPONENTS, 
AND LEAK DETECTION 


3.1. Viscous and Molecular Flow of Gases 

Before describing the practical methods of setting up vacuum systems, 
the laws governing the flow of gas through apertures and tubes at low 
pressures must be studied. 

Suppose two parallel solid surfaces exist at a distance d apart, 
forming boundaries in a gas at a pressure p, such that the m.f.p, is L. 
Three possible cases arise: (a) L<d; (b) L=d approximately; (c) 
L>d. 

fn case (a), cofffsions between Che gas moiecuies themselves will be 
more important than collisions of the gas molecules with the boun- 
daries. The gas flow between the boundaries is then said to be viscous. 
Viscous flow will prevail at pressures depending on the order of size 
of d. For example, if fi=5 cm, viscous flow will predominate for 
values of L less than, say, 1 cm. For nitrogen, the pressures concerned 
will therefore be above 5 x 10"'^ torr (equation 1.4). 

In the frequently encountered practical case of a long uniform 
cylindrical tube of radius r and length /, where / is considerably 
greater than r, Poiseiulle’s equation applies to viscous flow, i.e. 

( 3 . 1 ) 

where is the gas pressure at the inlet to the tube, p^ the pressure at 
the outlet, the volume of gas entering the tube per sec at pressure 
Pi, Vz the volume emerging from the outlet at pressure pz, and t) is 
the coefficient of viscosity of the gas. 

From Boyle’s law, as the mass of gas passing any cross-section of 
the tube per sec is constant, /7iFi=/72 Kg. It is valuable to call pFthe 
throughput, Q. 

The impedance of the tube to flow of gas, Z, is defined by 

7 _ Pi-~P2 _ 1 

Q U 


(3.2) 
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where the reciprocal of the impedance is called the conductance U of 

the tube From equation (3 I) it is seen that 


U 


Q 

Pi— Pi 



It IS convenient to pul (j>i+p^l2=p, the average pressure in the 
tube, then, 


1 /=. 


8i}/ 


(3 3) 


where d=2r, the tube diameter The rale of gas flow m quantity is 
given by Q*=‘U^p, where Ap is the pressure difference 
The coe^cient of viscosity ij of a gas is usually expressed in the 
c gs unit - the poise For air at SO’C, the viscosity of air is 180 
raicropoise 

As ij IS given m poise, p must be in dyne per sq cm (mterobar), w ith 
rfand/mcm 1 torr equals 1,333 mterobar Equation (3 3) therefore 
becomes 

„ 1.333 

“ 1281 }/ 

where p is in torr and 17 in poise 

,34) 

VI 


For air at 20'C substituting ij»180x 10'* poise, 


U^iS^xIO'cm’scc-* 


For example, if a cylindneal tube has a length of 50 cm and a 
diameter of 0 5 cm, with an air pressure at its inlet ofO 5 torr and at 
Its outlet of 0 1 torr, p is 0 3 torr and 


U 


182x03x025 

50 


« 0 27 litre sec'* 


As Q=(pi-p^U, in this example 

Q = (0 5-01)027 
« 0 108 torr litre scc’‘ 
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Note the unit of Q, ton litre per sec, i.e. a quantity of gas specified 
in litre at a pressure of 1 torr flowing in 1 sec. 

Further, as Q—pV, the volume of gas emerging at the outlet per 
sec is 




Q 0-108 
P2 0-1 


1*08 litre sec“^ 


at a pressure of 0-1 torn 

C^e Qj), where L=d approximately, is an awkward one where 
intennolecular and wall collisions both play an important part. In 
this intermediate case, known as Knudsen flow, semi-empirical equa- 
tions have been derived but will not be considered here. 

Case (c) is a most important one in high vacuum technique. Now 
the collisions of the molecules with the walls are the chief factor decid- 
ing the gas flow. The gas flow is then said to be molecular. For ex- 
ample, if d—2 cm, molecular flow would predominate for m.f.p.’s in 
excess of, say, 5 cm, corresponding to nitrogen pressures of 10"® torr 
and below. Such low pressures are known as molecular pressures, 
taken as less than 10“® torr in general, though for boundaries in the 
gas separated by a considerable distance, this assumption may be 
unjustified and intermediate flow concerned. 


3.2. Molecular Effusion Through an Aperture 

A first important case is that of molecular elfusion of gas through an 
aperture in a thin wall connecting two containers of dimensions large 
compared with that of the aperture. Let pi be the pressure in one of 
these chambers and that in the other, where Pi>pz and both are 
in the molecular region. 

From Knudsen’s work in the kinetic theory of gases, it is shown 
that the number of molecules N impinging on unit area of a boundary 
in the gas per sec is given by 

N=inv 

where n is the number of molecules per unit volume, i.e. the molecular 
density. 

Put 



a result from Maxwell’s distribution law for the velocities of mole- 
cules in a gas of molecular weight M and at absolute temperature T, 
R being the gas constant per mole, and 

p = nkT = «R77N 
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(See equation 1 1, where lc=R/N, N being Avogadro's number) 




//8Rn 

4RT*J\iTAf) 


^ainMRT) 


(3 5) 


ir the aperture has an area A, the number of molecules NiA im* 
pinging on it from the higher pressure side is therefore Pil^A/ 
^/(2nAfRT), whilst the number N 2 A impinging from the lower pres- 
sure side ispaN-4/ The net flow of molecules per see, 1 c 
the molecular effusion throu^i the aperture, is therefore given by 

- (p,-Pa)N.</\/(2^URr) 


As N molecules occupy a specific volume V at pressure p, where 
pK=R7', (ffi-N 3 )A molecules will correspond to a throughput of 


^ Rrf (p,~p,)N^ l 
^ N Iv(2tA/RJ)J 

•^(InMIRT) 


(3 6) 


From equations (3 2) and (3 6), tl follows that the molecular con- 
ductance C^of the aperture 1 $ given by 


U ^ - -6^— a — ^ — 

{Pi~Pt) ViZnMIRT) 

Substituliog R«8 314 x 10’ erg per dcgC per mole, and putting 
r=293®K (20®C) as an average room temperature, 

U = ^/■v/(2itW/8 314x I0’x293) 
s» 6Z5xlOM/\/^f cm’ sec"' 

= 62 5/IA/8/ litre sec- » (3 7) 

In the ease of air, considered as a nitrogen-oxygen mixture of 
molecular weight 3/ *=29, equation (3 7) becomes 

C/ = 62 SAfVN » II 6.4 hire see"* 

Air at molecular pressures (1 c below 10"’ torr) cannot therefore 
trav erse an aperture m a thm wall at a rate exceeding 1 1 6 litre per sec 


3J. Afolecufar Flow through a Cylmdrlcal Tube 

The molecular (low of gas through a long cjlludrlcal tube, in the case 



Vacuum Systems, Components, and Leak Detection 151 

where the length I exceeds considerably the diameter d, and d is sig- 
nificantly less than the m.f.p. of the gas in the tube, can be calculated 
by considering an element of length A/ of tliis tube. This will have a 
cylindrical surface area of ird.Al, and ^nv molecules will impinge on 
uni t area of this surface per sec. The momentum AG transferred per 
sec to this element of surface will therefore be given by 

AG = ird.Al.^nv.mu.f (3.8) 

where m is the mass of a molecule of the gas having a mean velocity 
of drift through the tube of u, and hence momentum mu. The fraction 
/has a value depending on the gas and the nature of the walls; for 
want of an experimental value, /is usually taken to be unity. 

Let p be the pressure inside this element of the tube of length A/, 
Ap, the pressure diflference across Al, and so the force acting across 
the element, will be Ap.trd^JA. Equating this force to the momentum 
per sec imparted to the cylindrical walls, 

Ap.ird- Trd.ALnvmu 

4 “ 4 

• — 

“ ^ ~ mnv.Al 


The mass of gas flowing through the tube element per sec is 
hence given by 


^ ■nd^ ird^.Ap.p 


where p is the density of the gas at pressure p. 
But 


P = fnij, 

_ -nd^.Ap 
4i;.A/ 


In the case of a tube of finite length I, where px is the pressure at the 
inlet, Pa the pressure at the outlet, and px > Pz, the mass of gas passing 
through any cross-section of the tube per sec must be constant, 
because there is no accumulation of gas in a continuous flow. There- 
fore, the mass throughput 

~ 4vl 

This mass of gas (2m per sec w'ill correspond to a volume F of gas 

6-f- 
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equal to Qmlp% " here p is the density at a pressure p Therefore, the 

volumetnc throughput Q is given by 

n 0«P „ ^d^(Pi-Pi)p ,, Qx 

^ p Atip ^ ‘ 

From Boyle’s law, pfp is a constant, and applying equation (1 1) 
It IS given by 

pfp = nkr/nm » kT/m - KT/M 


where M is the molecular weight of the gas 
Further, from equation (I 7) 

ifM} 

Substituting these expressions for pjp and P m equation (3 9) gives 


“ 5 I 


rd^(Pi-pi) // 2«rR7' V 

16/ *J\ M } 




(3 10) 


This result, obtained by a straightforward method, is not quite 
correct A more elaborate theory tales into account, in detail, the 
fact that when a gas molecule strikes the wall it will leave it m any 
direction, where any one direction for a single molecule has the same 
probability as any other direction The full theory gives a numerical 
factor of 1/6 m place of 1/5 1 in equation (3 10), so the accepted 
equation is 

By equation (3 2) therefore, the molecular conductance of the tube, 
U, IS giv’cn by 

--umr 


It IS of immediate importance in practice, to note that the conduc* 
tance U increases with the cube of the tube diameter and decreases 
with increase of length To ensure that a tube is able to offer little 
opposition to gas flow and so not restnet pumping speed, it is essen 
lial to employ large-bore short tubes, and where a large-bore diameter 
is more important than shortness 
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Inserting R=8-314x 10'^ erg per degC per mole, and r=293°K 
(i.e. 20°C) in equation (3.12) gives 

„ 1 //277x8-314x 10^x293) 

^-6Vl M / / 

6-5x10* 

~ I 

where U is in cu cm per sec, provided that d and I are in cm. It is 
usual to express U in litre per sec, where 

U = litre sec~* (3.13) 

V-42 / 


Note that the conductance is inversely proportional to the square 
root of the molecular weight of the gas, and so will be larger for 
hydrogen (M=2) than for nitrogen (M=2S) by a factor of ■\/14. 
For air, put M =29 


.-. U = 


65 d^ 
V29 / 


12-ld^ 

I 


litre sec"* 


(3.14) 


It is convenient here to put d=2r, where r is the radius of the tube 
in cm, then, 

12-l(2r)3 100r%., .. ■ 

U = j—^ = — ^ — litre sec * (approximately) 


which is easily remembered. 

For a tube of length / which is not long compared with its diameter d, 
it is essential to take into account the fact that the inlet aperture to 
the tube has an impedance to gas flow which is significant compared 
with that of the tube itself. In the previous case, where l»d, this aper- 
ture has been neglected. When the tube inlet is from a vessel of com- 
paratively large dimensions, the molecules of gas in the vessel, with 
their random kinetic motion, will have to ‘find’ the tube aperture to 
get into the tube. A simple way of taking this into account which 
gives a result accurate enough for most practical purposes, though 
the procedure can be criticised on theoretical grounds, is to consider 
the overall tube conductance to be given by the sum of an aperture 
conductance, as given by equation (3.7), in series with a tube conduc- 
tance, as given by equation (3.13). For conductances in series (com- 
pare with electrical case), the equation is 
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where U is the overall conductance of the tube, t/,p the conductance 
of Its mlcl aperture, and J/,ob. that of the tube itself From equations 
(3 7) and (3 13) for a gas of molecular weight M at 20'’C, 


62 3/ 

65rfV/ 


r 65 3/ 

^ Ai! 


- {JL€V 

“ WM l) '■ 


I V^tdl 


(3 15) 


where / and rf arc m cm 
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of a variety of tubes of various lengths and diameters to be obtained 
quickly. 

3.4. Effect of Connecting Tube on Pump Speed 

The most important example where molecular conductance has to 
be calculated is when a tube is used to connect a chamber to the in- 
take port of a vapour pump. The speed of a pump has already been 
defined (p. 6) and is usually expressed for vapour pumps in litre per 
sec. If 5 is this pump speed and U the conductance of a tube which is 
connected in series with it, 

S^U 

where is the effective pump speed at the chamber 

or/ 

••• = ^ ( 3 . 17 ) 


It is immediately apparent that S^ cannot exceed S and, further, 
cannot exceed U. If U is small because a long narrow tube is used, 
practically no increase of Se is obtained by attempting to make S' very 
large. In other words, if U is inevitably small (e.g. in pumping an 
electronic tube through a narrow glass tube) there is no point in 
choosing other than a small pump; a large pump would be wasteful. 

A vapour diffusion pump with an intake port diameter of 5 cm will 
have a pumping speed of about 60 litre per sec. If it is connected to a 
chamber by a tube of diameter 5 cm and length 20 cm, the conduc- 
tance of this tube for air at 20°C is given by equation (3.16) (or by 
reference to Fig. 70) to be 


C/ = 


12-1 X 5=5 
20-t-(4x5)/3 


56'5 litre sec~^ 


This is the greatest speed that can be obtained through this tube, 
no matter how large the pump. 

The effective speed, ^e, at the chamber, with the 60 litre per sec 
pump, is given by equation (3.17) as 


p _ 60 X 56-5 
® ~ 60 -t- 56-5 


29 litre sec~^ 


If a 2 6m tube of the same length had been used instead of a 5 cm 


one. 


12-1x23 

20-h(4x2)/3 


= 4-25 litre sec“^ 
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so the maximum possible effccli>c speed, even if a pump of infinite 

speed tsere available, ^^ould be less thin J that \«th the 5 cm tube 

The great importance of tube diameter m high vacuum work is 
thus apparent Indeed, the use of long narrow tubes should be 
avoided as far as is practicable 

3 5 The Use of Oil sealed Mechanical Pumps 
The production of low pressures in the range from 1 atmosphere 
down to 10’* torr is most frequently undertaken with an oil scaled 
pump a\o’t\c pumps wU opeme itUabVv Cos TOauj 

years, but a number of important aspects of practice need to be 
obsened to ensure satisfactory results 

^Vhcn using oil sealed mechanical pumps either alone or m the 
backing stage to a \ apour pump, care must be taken to ensure that, if 
the pump IS left switched off, oil is not sucked back from the pump 
into any evacuated vessel connected to its intake port To present 
this, some manufacturers fit the pump with a self scaling oil valve tn 
the intake, but older pumps often do not hase this provision, and m 
any case, such vahes are somciimcs unreliable over long penods The 
best precaution is to isolate the evacuated s> stem from the pump by 
closing a greased, glass stopcock (section 3 6), or a vacuum valve 
(section 3 7), when the plant is $hut*dovvn, switch-ofT the pump and 
admitaif toitbyasecond, small glass stopcock or by a metal air 
inictvalve Averygoodvvayofarrangmgtheseprovisions withauto* 
matic operation on switching oIT the pump motor, is by the use of a 
magnetic valve 

The removal of water vapour from a vacuum system is of great 
importance the mechanical pump will not cope with it satisfactorily 
unless a gas ballast type (section 1 4) is used A drying agent placed 
in a container attached to the mechanical pump intake port will tm> 
prove the performance This is espcaally useful for pumps without 
gas ballast, and in laboratory systems (as opposed to larger scale 
industrial ones) is not to be despised even if gas ballast is prwVided 

The most efficient of the various drying agents which are convem 
till IS phosphorus pentoxide (trecdom Irom arsenic is essentia)') )n a 
glass system, this is conveniently placed m a glass trough, inserted in 
a glass tube furnished with o greased cone joint stopper which, when 
removed, permits replacement of the pcnloxide (Fig 71a) A con* 
venicnt phosphorus pentoxidc trap for a metal system is shown m 
Fig 71(5) 

Phosphorus pcntoxide hydrates to become phosphonc acid with a 
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saturated vapour pressure of about 5 x 10"^ torr at room tempera- 
ture. It is therefore not good practice to use this material as a drying 
agent in a high vacuum chamber evacuated by vapour pumps. 

In using oil-sealed rotary pumps, especially of the larger sizes, 
certain provisions are desirable. Oil is entrained in the gas discharged 
to the atmosphere, particularly at higher intake pressures to the 
pump, so an oil separator, oil mist filter, or catch-pot in the discharge 
outlet, with the exhaust gas vented to outside the building, is needed 




Fig. 71. Phosphorus pentoxide trap with mechanical pump. 


(Fig. 72). If considerable quantities of water vapour are to be pumped 
at partial pressures exceeding 30 torr, a water-cooled condenser is 
advisable between the chamber and the intake port to the gas-ballast 
pump. The smaller sizes of gas-ballast two-stage rotary pumps usually 
have the two stages of the same capacity and only the second stage is 
gas-ballasted. As the compression in the first stage is then small, the 
chance of condensation, between the stages, of any water vapour 
present is small. With larger size pumps, however, considerable 
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economy m size and cost results if two single stage pumps are used in 
senes, with the speed of the fint-stage pump about 10 times that of 
the second pump, which discharges to the atmosphere For example, 
if a speed of 1 ,000 litre per mm is required at I torr, and the fust stage 
produces a compression ratio of 10, the intermediate pressure be- 
tween the stages is 10 torr, so the second-stage pump can be much 
smaiients it anly his to pump et }00 hire per mm at an intake pres 
sure of 10 torr Now, however, if water vapour is present at the in- 
take, condensation betw cen the stages is likely The liquid resulting is 
collected in a condenser used between the stages This condenser may 
be cither water cooled or refngerated (Fig 72) 





Fig 72 Twogas ballast rotary pumpsinsenes with inter-sUgecondensertnd 
catch pot in discharge outlet to atmosphere 


The pump-down lime required lo reduce the pressure from pi to pa 
m a chamber of v olume V by means of a pump of speed S may be 
calculated Initially, Uic amount of gas in the chamber is of volume 
V at pressure pj After connecting the chamber with the pump, an 
amount of gas of \ olume d V will enter the pump m the short time d/, 
where the pumping speed S is givxn by 
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From Boyle’s law, the product pV must be constant at constant 
temperature during the increase of the volume by AV. Therefore, 


d(pF) _ 

At 


^ dr ^ dr 


= 0 


or 


AV -VAp 
~ At ~ p dr 



Ifp is px at time tx and p^ at a later time t^, where px >Pz, integra- 
tion gives 

S{h-tVt = Vlog,^ (3.18) 



The pump-down time T, from ri=0 to tz=T, wiU hence be 

r = ^log,og (3.19) 

If V is in litre and S in litre per min, the time T is given in min pro- 
vided Px and p 2 are in the same units. 

In using equation (3.19), the speed S must be the speed at the 
chamber and so take into account the effect of any restricting tubing 
between the chamber and the pump. Further, it is simple practice to 
assume S is constant. This is justifiable for an oil-sealed rotary pump 
over the pressure range from atmospheric down to about 10"^ torr, 
for a single-stage model, and 10"^ torr, for a two-stage one, assuming 
that the gas remains the same. Thus, a pump of effective speed at the 
chamber of 50 litre per min will pump down a volume of 10 litre from 
760 torr to 10“^ torr in a time 


T = 


2-3 X 10 , 760 . 

2 Q “ 1 


= 1-8 min 

The time, calculated by means of equation (3.19), to attain the 
lower pressures below 10 " ^ torr is usually too small, because the con- 
stitution of the air will change as the pressure is reduced and, in par- 
ticular, the effect of water vapour begins to predominate in practice 
6 * 
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Generally, it is best to choose, if possible, an oil sealed rotary pump 
considerably larger m speed than that estimated by equation (3 19), 
if quick exhaust is required to pressuns below ten times the ultimate 
pressure of the pump 


VACUUM SYSTEMS 

The numerous applications of \-acuum technology, invohing a wde 
range of pressures, pumping speeds, gases, processes, and particularly 
plant sizes, have led to the doelopment of a multitude of vacuum 
systems and a variety of aacuum \al\TS, pipe line fittings, vacuum 
unions, lead ms, and so on As this range is too great to cover m a 
concise text, certain tj-pical systems orv described, selected for their 
usefulness and because they each indicate fundamental aspects of 
design The components used arc described m conjunction with each 
system The emphasis is on small scale laboratory plant, industnal 
plant is considered to be outside the present scope 

3 6 Class S) stem hlth Merevry Vapour Pump 
A useful system for evacuating electron tubes and similar chamben 
down to pressures of 10 * to 10*' torr (fig 73) cmpIejT a glass 
mercury vapour dilTusion pump This pump is backed by a small 
two-stage mechanical gas ballast rotary pump (free air displacement, 
say 30 litre per mm) prov ided with a two-way stopcock S| and an air- 
inlet stopcock Sj The intake port to the mercury vapour pump is 
connect^ to the glass chamber to be evacuated via a greased, glass 
stopcock, Sj, and a cold trap refngeraled wnih liquid air or liquid 
nitrogen If a McLeod gauge is used to record the pressure, it may be 
connected between the stopcock Sj and the cold trap The vapour 
pressure of its mercury is then not exerted m the glass chamber or 
electron tube 

A by-pass or roughlag line is convenient leading from one side of 
the two-way stopcock Sj directly to a junction in the tubing between 
stopcock S 3 and the cold trap This enables the glass chamber to be 
pumped to a backing pressure of about 10 * torr, whilst the pre- 
evacuated mercury vapour pump is isolated and kept runmng The 
saving m time in operation is considerable A reservoir, of volume 3 
to 5 litre, between the rotary backing pump and Uie discharge outlet 
of the vapour pump is w orthwhile This prov ides a reservoir v olume 
maintained at backing pressure against which the mercury vapour 
pump operates when isolated 
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The sequence in operation is briefly as follows, assuming the system 
is initially at atmospheric pressure. Close the stopcock Si and the air- 
inlet stopcock $ 2 . Switch on the pump and after 10 sec or so open Si 
to the reservoir and the mercury vapour pump. The initially closed 
stopcock, S 3 , is then opened and the glass chamber evacuated to a 


Ovon 



Fig. 73. A glass vacuum system with mercury vapour pump. 


backing pressure as indicated by tlie McLeod gauge or by a satisfac- 
tory gaseous discharge set up by a Tesla coil. The liquid-air-filled 
Dewar flask has not yet been raised to surround the cold trap. The 
cooling water to the mercury vapour pump is turned on, and then the 
electric heater is turned on for its boiler. After about 20 min, the 
pressure will decrease to 10 to 10 "® torr, as recorded by the 
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McLeod gauge The electron tube is then baked m the lowered bake 
out oven to 450*C for borostlicalc glass or to 350*C for soda glass 
Bake out is usually for about 30 mm, for a glass electron tube of 
volume not exceeding 2 litre After the first 10 mm of bakc*out, the 
Dewar is raised so that the cold trap is refrigerated After bake-out 
and subsequent cooling, a pressure of 10 " torr or below should be 
recorded by the hot-cathode ionization gauge 
If now the electron tube is to be scaled offal the constnction, and 
air admitted to the system m readiness for pumping a second tube 
stopcocks Sa and Si are closed after the seal-olT, the liquid air re- 
moved and air admitted after the cold trap has warmed up to be near 
room temperature The mercury vapour pump is now isolated under 
\acuum and left running The new tube is sealed on, the stopcock Si 
opened to the by pass line and when the backing pressure is estab- 
lished Si IS turned through 180* to be connected now to the mercury 
vapoutpump Stopcock Sa is then opened and the electron tube will 
be quicU> ciacuatcd to a low pressure at which bake-out can be 
started and the operations continued as before 
Leak finding In a glass s}-stem is comeniently done w ith a Testa coil 
used at the backing pressure \Vhcn the Tesla coil probe is near a pin 
hole or crack, a spark from the probe to the conducting discharge 
iMthm the system w ill be evident If a hole is found air is admitted to 
the system and a repair effected by means of an ox>gen gas blow pipe 
flame on the usual borosihcate (Pytex or H>‘Sil) glass 
Conical glass joints used in vacuum work have usually either a 
I m 5 or 1 m 10 taper and arc fine ground by emery powder, using a 
steel tool of the correct shape The female and male joints arc separ 
ated by a thin smooth lajcr of grease A similar procedure is adopted 
m the case of glass stopcocks Fig 74 shows three useful tj^pes of 
vacuum stojKock Wherever possible it is best to use the models 
shown m Figs 74(6) and (c) where the male member is under almos 
phene pressure, as they are manifestly much less liable to air leaks 
The stopcock grease used should have os low a vapour pressure as 
possible Apiczon and also silicooc greases arc specially prepared for 
this purpose Apiezon L grease is supplied in metal tube containers 
Iisvapourprcssurcis 10 ‘"lolO ** torr at 20®C, but this cannot be 
relied upon unless m an extremely clean condition Its maximum ser 
vice temperature is 30*C In use, a thin film of the grease is worked 
between well fitting cone or flange joints until no ‘air lines' remain 
Apiezon M and N are similar, rather more viscous greases the for- 
mer having a vapour pressure of 10 ’ to 10’* tore at 20'’C, and the 
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latter 10"® to 10“® torr. A newer grease is Apiezon T, with a vapour 
pressure of 10"® torr, and with the advantage that its maximum ser- 
vice temperature is 110°C. These greases must be kept free from 
contact with air when not in use; they give more trouble due to 
occluded air than due to high vapour pressure. A stopcock will give 
continual use for tliree months if properly greased. Silicone greases 
are remarkably stable from —40 to 200‘’C, with constant viscosity 
characteristics. The Dow Coming high vacuum grease, suitable for 
operating at pressures below 10"® torr, is rather more viscous than 
the Apiezon greases at 20°C but functions very well, especially if the 
stopcock is liable to temperature extremes during use. 



3.7. Demountable Metal System with Oil Vapour Pump 

A typical laboratory system for general purposes is one in which a 
bell-jar or similar vessel can be evacuated to about 10"® torr by 
means of an oil vapour pump (Fig. 75). A pumping speed of at least 
5 litre per sec for every litre capacity of the chamber is recommended 
and, if excessive outgassing or vapour evolution occurs, this figure 
should be doubled. A gas-ballast rotary pump is used for backing the 
oil vapour pump. For a 12 inch diameter bell-jar, a vapour pump of a 
speed able to provide about 60 litre per sec at the vessel, with a back- 
ing pump of displacement 30 litre per min, is suitable. As in the 
system described in section 3.6, a by-pass or roughing line is provided. 
The connections are now made by \ inch inside diameter, copper 
tubing, with soldered joints and metal vacuum valves, of which the 
Saunder’s type (Fig. 76o) is convenient and economical. The main 
isolation valve between the oil diffusion pump intake port and the 
base plate to the bell-jar (Fig. 766) has a neoprene or Viton O-ring 
seal. The demountable seal between the bell-jar and the ground base 
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plate is either by means of an L-section neoprene or Viton gasket, or 
the bell-jar rim has a ground flange which seats on an 0-ring in a 
groove cut in the base plate. A Penning gauge is convenient for 
recording the pressure attained in the bell-jar, and a Pirani gauge to 
record the backing pressure is an advantage. 

The backing pump must be chosen to cope adequately with the 
throughput of the gas from the vapour pump, especially in a dynamic 
system in which there is a continual evolution of gas due to the pro- 
cess undertaken in the chamber. If the throughput is Q torr litre per 
sec, Pi is the intake pressure at the vapour pump, and the backing 
pressure, then 

Q — Pl’S'v = Pb'^b 

where is the speed at the pressure pi of the vapour pump, and Sb 
the speed at Pb of the backing pump, both in litre per sec. Therefore, 



In practice, it is best, if possible, to choose a value of two or 
three times this calculated value. 

The O-ring gasket is a valuable aid in vacuum technique, enabling 
quickly demountable seals to be made. Of the several elastomer 
materials available, nitrile rubbers, neoprene, and Viton are the most 
frequently used. The first mentioned are oil resistant and have been 
widely used; the more expensive Viton is gaining favour, as this 
fluorocarbon material is resistant to temperatures up to 250°C and 
has much lower gas permeability than neoprene. Recommended 
seatings and groove dimensions for O-rings are shown in Fig. 77 and 
Table 3.2 in conjunction with the dimensions of the O-rings them- 
selves given in Table 3.1. Baking of O-rings and other elastomer 
gaskets in air or preferably in a vacuum is good practice, to reduce 
their outgassing in use, but is not necessary for the type of system 
described in Fig. 75. Light greasing with Apiezon or silicone greases 
facilitates sealing, especially when the smaller sizes are used. 

Quickly assembled vacuum unions and pipe-lines based on O-ring 
seals are a feature of the products of the vacuum equipment sup- 
pliers used to facilitate vacuum system construction. As an example 
of a convenient pipe-line assembly for rapid erection of the connec- 
tions for a system like that of Fig. 75, see Fig. 78. Lead-in terminals 
for electrical supplies into a vacuum chamber are commercially 
available in a wide variety. Two convenient designs, one based on an 
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practised, they may be based on an alumina body, with a seal to the 
metal made by titanium hydride or zirconium liydnde (seep 221), or 
on the use of Kovar to glass wals (see p 239) 

3 8 Ultra high Vacuum Systems 

Following the pioneer work of Alpert [93] m 1950 to 1953, a great 
many papers have been published on the production of pressures 
below 10"® torr From this work, the present position with regard to 
laboratory systems is that two basic types are widely adopted The 
first IS a development from the comcntional arrangement of a supour 
difiusion pump backed b> an oil sealed rotary pump, where a liquid- 



(a) 



Fig. 79 Lead is temunals 


mtrogen trap is used between the diffusion pump and the chamber, 
the second employs a cold-cathode getter ipn (sputter ion) pump 
with backmg by a sorption pump, usually based on molecular sie\’c 
matenals The most frequently used gauge to measure the low pres- 
sures obtained is the Bayard-Alpert gauge (section 2.1) 

The ultimate pressure p, attainable m a pumped chamber will be 
the result of a balance between the rate of production of gas withm 
the chamber, g, and the effectise speed of purnpmg, The amount 
of gas removed per umt time will be p^St: at the ultimate, and clearly 

PA=Q (3 20) 

Q will be due to gas entering the chamber through actual leaks, 
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virtual leaks caused by gas and vapour evolution from the chamber 
walls and materials inside, added to which is any gas or vapour 
entering tlie chamber from the pump itself. From equation (3.20), it 
follows that an ultimate pressure of 10“" torr can be obtained with 
an effective pumping speed of litre per sec, only if Q does not 
exceed 

Q ~ 10""5'e torr litre sec~^ 

With limited pumping speed, Q must be very small if n is to be 
greater than 8 and, as is often the requirement, equal to 10 or 11. 

With jSe at, say, 5 litre per sec, to produce a pressure of 10"® torr 
demands a value of Q not exceeding 5x 10~® torr litre per sec. The 
achievement of such low leakage rates offers some difficulty as may 
be seen from a simple calculation. Suppose the chamber concerned 
has a wall thickness of 2 mm and that there exists in it a uniform bore 
hole of diameter d. Common sense shows that d will be much less 
than 2 mm if 10~® torr is to be maintained. The hole can therefore be 
regarded as a cylindrical tube of length much greater than its dia- 
meter. At one end of this hole exists the atmosphere, at a pressure of 
760 torr; at the other end, a pressure to be maintained at 10"® torr. 
The flow of gas through the hole is viscous at its entrance and cer- 
tainly molecular at its exit. To simplify the calculation, it can be 
assumed that the hole diameter will need to be very small, and that 
the pressure over most of its length will be low enough for the m.f.p. 
to exceed the diameter d. The equation (3.14) for the molecular con- 
ductance 17 of a long narrow tube can then be applied. Hence, 

„ 12-W 12-lrf® 

/ 0-2 


The throughput Q of air is 76017. This must not exceed 5 x 10"® 
torr litre per sec. It follows that the hole diameter d must not exceed 
a value given in cm by 


5x10"® 12-lcl® 

760 0-2 


The maximum tolerable hole diameter in this case is consequently 


d = 



4-8x10"® cm 


It is clear that not only will the chamber wall have to be free from 
very tiny pores and cracks, but also any seals will need to be very 
carefully made. 
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The problem of producing an ullra-high vacuum, and then main- 
taming it within an isolated volume of, say, ! litre, may be said to be 
aggravated by the fact that the volume occupied by 1 mole of material 
m the gaseous state is as large as 22 4 litre at s t p Suppose a speck of 
mass m gram, of solid material of molecular weight 20, exists imtially 
within the isolated chamber and that this material vaporizes Within 
a time, depending on the rate of evaporation, the pressure exerted 
within the chamber of volume I litre will be 760 x 22 AmjlO torr, pre- 
suming that m is so small that this pressure is less than the saturated 
vapour pressure If this pressure is to be only 10** torr, it follows that 
the maximum amount of vaporizable material allowable within the 
isolated vessel is 


20x10-* 
“ 760x22 4 


1 2x10*^* gram 


which IS about onc-millionth of the nummum mass weighable by a 
sensitive chemical microbalance 

This rough calculation is misleading in that such imoute amounts 
of material would usually become bonded to the chamber walls and 
not pass readily into the gaseous phase within the space However, the 
need for scrupulous cleanliness of apparatus made from specific bake- 
able materials is stressed Even a fioger-pnnt can be disastrous* 

To achieve ultra-high vacua, it is thus necessary to provide a 
chamber which is scrupulously clean, free of leaks, and ngorously de- 
gassed by bake out during pumping Furthermore, materials within 
the chamber have to be degassed and also seals, gaskets, vacuum 
valves, and any traps used between the chamber and the diffusion 
pump or the getter-ion pump The chamber is usually made of cither 
borosilicatc glass or a stainless steel wlected for its resistance to cor- 
rosion, workability, and the facility with which it can be welded or 
brazed (p 258) In the case of glass, seals are made by direct glass- 
blowing between glass and glass, or matched glass and metal (p 238) 
It is worth noting that the usual Tesla coil means of indicating pin- 
holes IS often inadequate here With stainless steel chambers, it is 
best to electropoLsh (p 226) the inner walls, and seals are made by 
argon-arc welding or preferably by vacuum brazmg or, if to be de- 
mountable, by the use of metal gaskets 

Bakeable ultra-high vacuum valves follow the pioneer design of 
Alpert [94], who devised an all-metal valve, without grease, which 
could be degassed by bake-out at 400'’C This valve can also be used 
as an excellent ‘needle valve’ for the metering of pure gases into 
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vacuum systems. A more recent version due to Baker [95] (Fig. 80) 
depends on making a closure by driving an annealed, fiat, copper 
disk, forming the valve plate, against a stainless steel knife-edge, 
forming the valve seat, machined in the stainless steel valve block. To 
close the valve, the shaft joined to the valve plate is driven forward by 
a simple screw, inch B.S.F. in the case of a valve of 2-5 cm aper- 
ture, which is lubricated by molybdenum disulphide. To provide a 
flexible vacuum-tight seal between this driving shaft and the valve 
body, one end of a stainless steel bellows is argon-arc welded to the 



Fig. 80. Metal ultra-high vacuum valve (Baker). 


shaft and the other end to a guide, which is sealed to the valve body 
by a copper gasket between knife edges. A shim is used to limit the 
penetration of these knife-edges in the body seals to 0-007 inch, when 
the Allen screws holding the drive assembly to the valve body are 
tightened. When the driving shaft forces the valve plate against the 
seat, the body seal is then unaffected, the closing force being exerted 
against the Allen screws. 

The knife-edges, employed both at the stainless steel valve seat and 
at copper seals within the valve body, are 60°. After machining, they 
are first lapped with a brass lap using 15 micron silicon carbide, 
followed by a second brass lap using 3 micron diamond powder, to 
produce a perfectly polished surface, 0-003 to 0-010 inch in width at 
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the top of the knife edge Inspection for adequate finish involves that 
no scratches are visible by a microscope providing linear magmfica 
tion of X 50 

The copper sealing disk and gaskets used were machined from 
OFHC (oxygen free, high conductivity) copper and annealed in 
hydrogen before assembly 

This valve can be baked to 400‘’C in both the open and closed 
positions on the vacuum system The version with a 2 5 cm aperture 
requires a normal closure torque of 2 to 2 5 lb foot, has an open con- 
ductance of IS htre per second and a closed conductance of less than 
10"^* litre per sec 

A commercial ultra high vacuum valve is shown m Fig 81 



Fig 81 A commercial ultra high vacuum valve (Vacuum Generators Ltd ) 


These metal valves are chicfiy used with all metal vacuum systems^ 
but they can also be used as closure valves and gas-metering devices 
in glass systems It is then important to clamp the valve firmly to a 
rigid support, usually the thick ‘Sindanyo’ floor of the system bake- 
out oven, and to provide a flexible loop in the glass tubing between 
the glass system and the glass to metal seal joining to the valve itself 
Otherwise, the torque exerted on the valve driving mechamsm on 
closure may fracture the glass 

An economical and simple alternative to the metal valve with a 
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glass system is a magnetically-operated, greaseless, glass valve (Fig. 
82), where the necessary closure is effected between two, mating, 
hemispherical, ground glass joints. Vacuum grease is not used; in- 
deed, greases cannot be tolerated within an ultra-high vacuum system 
(except on the backing side) because of their outgassing and the 
necessity for bake-out. When closed, the seal between the ungreased 
glass hemispheres is not of minute conductance, but it is small enough 
for the ultra-high vacuum produced within the isolated glass chamber 
to be maintained, provided the pumps are kept running. 



Fig. 82. A greaseless, glass, ultra-high vacuum valve. 


Metal gaskets between stainless steel flanges and components 
which are bakeable to 450°C have been made of copper, aluminium, 
gold, and other metals. Alununium gaskets of the type introduced by 
Holden, Holland, and Laurenson [96], and shear gaskets of the 
Brymner and Steckelmacher [97] pattern, using a flat sheet gasket of 
copper, stainless steel, or nickel between specially bevelled edges, 
have both been used successfully, but reliability over long periods 
where frequent bake-out is practised undoubtedly favours the use of 
gold, in our experience. Several methods of using gold gaskets have 
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bcea described, the onginator appears to have been Hickam [98] m 
1949 followed by Grove {99} in 1958 More recently, there has been a 
desirable increase in favour of the idea that the machining of the 
stainless steel flanges should be simple and not involve awk\vard 
shaping, and further that these flanges should be ‘sexless’, i e they 
should not have male and female components of different geometry, 
and so that they can be readily iiUcrchanged A type developed by 
K J Close (private communication) is similar to that favoured by 
Edwards High Vacuum Ltd This firm employs straightforward flat 
flanges, the development is simply to provide pohshed annular sur- 
faces proud above the flat flanges (Fig 83) so that mating can be 



Fig. 83 A gold mre gasket seal betn’een stainless steel flanges 


monitored by feeler gauges, and easy visual inspection of the com- 
pressed gold wire is possible 

To ensure success m making such a gasket seal, attention is drawn 
to the foUowmg points 

(a) Use 24 carat gold wire of 0 02 inch (0 5 mm) diameter, (0 04 
inch (I mm) diameter wrc is also used, especially for large diameter 
flanges) 

(fi) Form the wire around a suitable cyhnder, remove it, and lay it 
flat upon a clean block of refractory material with the carefully 
square-cut ends of the loop adjacent Fuse these ends together by 
playing upon them a fine oxygen gas blow pipe flame If this is done 
carefully, it is difficult to see the joint with the naked eye 

(c) Anneal the gasket by heatmg it all round to red heat in an air 
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gas blow-pipe flame. Movement of the wire will occur as the strain is 
removed. Reshape the gasket around a cylinder, if necessary, but 
ensure that it is not touched by hand between the final annealing and 
assembly between the flanges. This means careful manipulation with 
tweezers or the wearing of clean finger-stalls. 

(d) The stainless steel flanges, between which the gold gasket is to 
be placed, are machined and ground to the profile shown in Fig. 83. 
These flanges are best 0-625 inch or more thick, and 1-0 inch is 
desirable for flange diameters exceeding 6 inch. The proud annular 
surfaces to be mated with the gasket sandwiched between them are 
about 1 cm (0-4 inch) wide. These surfaces have to be machined first 
(lathe-work is capable of 50 to 100 microinch finish) and then ground 
and polished to a final finish of about 16 microinch r.m.s. Brass laps, 
with first 15 micron silicon carbide followed by 3 micron diamond 
powder, are ideal for grinding and polishing, but a less stringent 
technique giving a final finish of about 30 microinch is probably ade- 
quate. Few laboratories have the equipment needed to measure fine 
surface irregularities; experience enables the naked eye to detect a 
good enough polished finish, free from scratches, but it is better to 
inspect finally with a low-power microscope. 

(e) The thick flanges have to be very firmly bolted together by 
stainless steel bolts, provided with Schnorr washers to ensure that 
compression is maintained during bake-out under vacuum to 450°C. 
Usually, a bolt every \ inch of the flange circumference is employed, 
but some experience indicates that fewer bolts are adequate with 
larger flanges of I inch thick stainless steel. 

(/) The bolts are tightened up in a sequence ensuring uniform 
compression of the gold-wire gasket. The diameter of the wire is 
reduced from the initial 0-020 inch to 0-007 inch, or 0-040 inch to 
0-016 inch, during the compression. 

(g) The assembled junction on the vacuum system is then baked 
out under vacuum to about 450°C. During bake-out, the gold adheres 
to the stainless steel to provide an excellent seal. Gold with its melting 
point of 1,063°C, low vapour pressure and resistance to oxidation is 
ideal; its thermal expansion coefficient of 14-3 x 10“® per degC is less 
than that of 18/8 stainless steel at 17 x 10"® per degC, but this does 
not appear to offer difficulty. Silver wire has also been used in place 
of gold. 


The ultimate pressure provided by a vapour diffusion pump in a 
chamber with insignificant leakage has been the subject of numerous 
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studies. Tbs use ef the Tspoor diffoaon pcsip to obtxza cltrs-iu^ 
Tacua stems from the pioneer inA-estjeaiions of Ycnemi IlOOJ. He 
lists four sotirces of cas flow throojh the pump mouth in the dirscijoa 
towards the chamber 

(0 the TOpour of the pump fimd and the decomposiDoa products 
of this fluid, 

(w) had diffusion of cas from the bactisg side of the pump to the 
lutale port; 

(ill) gas production from the walls of the pump near its mouth; 

(it) gas dissohxd in the cold condensed pump fimd whid is trans- 
ported again to the top-stags jcL 

To TmrtTniT* these Contributions of the pump to gas in the damber, 
Venema chose mercurj as the pump fluid instead of o3, as it canset 
decompose, and he reduced its x'apour pressure m the chamter to 
exceedm^j Ion s’alues bj three, g!^ hqmd nitrogen traps in senes, 
of the tjT* shown in Fig. 22(i0. abo\e the ^ass diffusion pump To 
minimirs the factor (o), the backing pressure to this ^ass pump was 
maintain ed at bclow 10“* toiT by z ceul, meTcury diffusion pump as 
an intermediary between the glass one and the oil-sealsd rotary b«k- 
mg pump Gas production from the pump walls m the >acimtT of its 
month (factor ui) was reduced b\ arranging degassing of the upper 
part of the glass pomp by bake-ouL By adopting a long and spei^c 
bake-out procedure, he attained ultimate pressures of 1D~^ to 10 “ 
torr 

Subsequent to Vencma’s work, it has become general practice to 
use mercury and also oil diffusion pumps, usually of metal, and sur- 
mounted bv a liquid nitrogen-filled cold trap of stainless steel (Fig. 
84), to attam ultra high sneoa. ControTcisy ejosls as to whether the 
mtenncdiale •vapour pump is needed betwee n the mam rapoar diffb- 
sionpump and the mecfaamcal toirtongpump Experience shows that 
to attam Utunates of 10”” ton’, it is uanecessaiy providedamaldied 
two-stage oil ^aled rotary pump is used for backing, but it is prob- 
ably an advanta^ if lower pressures are required. However, a co’d 
trap between the mechanical pump and the diffusion pnmp to prevent 
o2 vapour from the former entenng the latter is desirable. Again, the 
use of oil diffusion pumps has the attraction, compared with mercury , 
that any fluid which dcKS by mischance get above the cold trap is less 
troubI»ome Silicone 7(M and espcoally siheons 705 and Convalex 
10, with rapour pressures at room temperature of about 10*^’ torr, 
have therefore been much used m recent work. It is also •valuable to 
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be able to bake-out the cold trap before filling, and there are advan- 
tages gained by using two cold traps in series above the diffusion 
pump with the top one bakeable. 

An ultra-high vacuum system which has been consistently used 
over many months to obtain ultimates of 5 x torr and below is 
shown in Fig. 84. A single cold trap is used which is not baked. A 2 
inch port diameter, oil diffusion pump filled with silicone 704 fluid is 
surmounted by a water-cooled cup-shaped baffle of the type shown in 
Fig. 18(c), above which is a stainless steel liquid-nitrogen-filled cold 
trap (Fig. 23fl). A 1 inch orifice diameter, bakeable, ultra-high vac- 
uum, metal closure valve connects the intake to the cold trap to the 



Fig. 84. An ultra-high vacuum system based on an oil vapour diffusion pump. 


chamber, which is of argon-arc-welded stainless steel with electro- 
polished inner walls. The oil diffusion pump is backed by a matched 
two-stage oil-sealed mechanical rotary pump with gas ballast. The 
0-ring seals, between the top flange of the oil diffusion pump and the 
baffle, and between the baffle and the base of the cold trap, are of 
indium wire or Viton, but the former is preferred. The other metal 
gaskets, between the top of the cold trap and the metal closure valve, 
and between this valve and the chamber, are of gold wire. A metal-to- 
glass seal is necessary if a glass chamber is used. 
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The procedure m using this system is first to establish a pressure of 
about 10 “* torr in the chamber, l^runmng the pumps m the normal 
manner but without filling the cold trap An oven is then arranged 
around the chamber, with Bayard-Alpert gauge attached and includ- 
ing the open, metal closure valve, and bake-out is commenced with 
the temperature raised gradually to 400*C After imtial baking for 
about 1 hour, the cold trap is filled with liquid nitrogen, and bake- 
out continued for another 3 hour for a chamber of volume not ex- 
ceeding 2 to 3 htre After bake-out, the Bayard-Alpert gauge is 
switched on and its electrodes degassed by heating to about 900*C 
(bright red) for at least 30 min A further bake-out m the oven is then 
undertaken On subsequent coohng to room temperature, a pressure 
of 5 X 10"^® torr or below will be achieved After the first bake-out. 
It will probably be necessary to tighten up the bolts on the flanges 
furnished with gold wire seals 

The water-cooled cup baffle between the oil diffusion pump and the 
liquid-mtrogen trap is necessary to avoid undue loss of oil on pro- 
longed runmng of the pump This baffle ensures that most of the back- 
streaming oil IS returned to the pump and does not condense on the 
cold trap 

Such a comparatively simple system is very useful for laboratory 
w ork at pressures down to 5 x 10" ** torr After first commissioning 
with a b^e-out at 400‘C, the chamber should be kept under vacuum 
as far as is possible when bake-outs for only 1 to 2 hour at about 
250‘’C Will be adequate in day to day running The subsequent use of 
lower temperature baking reduces greatly the possibility of leaks de- 
veloping in thermally-stressed, metal gasket seals, argon-arc welds, 
and metal-to-glass or metal-to-ceramic seals A liquid-mtrogea level- 
ler IS advisable to ensure that the cold trap is mamtamed full dunng 
operation, especially if over-night bakc-out is practised 

Any metal electrodes or other parts introduced into the chamber 
for experimental w ork must be ngorously cleaned and degassed De- 
^ssiri^ of Ihc clean juetalin IncUoreJlydfajeis xlf.sirahlqr followed by 
stoving in first a hydrogen furnace and then a vacuum furnace, or at 
least one of these, before the part is introduced into the chamber to be 
evacuated 

Indium gaskets referred to above are useful for making seals m a 
system where an ultimate pressure of about 10'® torr is adequate, 
but bake-out cannot be practised on such seals except at moderate 
temperatures up to MO^C, because the melting point of indium is 
156®C They are very easily made and desirably free of orgamc 
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materials. Indium wire of ^ or ^ inch diameter is simply formed 
into a ring with an overlap between the ends. This 0-ring of indium 
is then compressed by bolting between flat flanges on copper or stain- 
less steel piping or components, until its thickness is reduced to 0-005 
to 0-01 inch. The overlapping ends of the indium 0-ring will cold- 
weld readily during this compression. 

The logical extension of Venema’s original work with glass systems 
to the use of metal is exemplified by the interesting design of Power, 
Dennis and Csernatony [101], wliich is capable of ultimates of 10"^“ 
torr and below. To ensure complete freedom from organic materials, 
a mercury diffusion pump is used backed by a second mercury vapour 
pump, capable of operating with backing pressures of 30 torr, which 
in turn is backed by a sorption pump. Surmounting the main mercury 
diffusion pump mouth are first a chevron baffle cooled thermo- 
electrically, and then a Z-type baffle within the base of a liquid-nitro- 
gen trap. Furthermore, to ensure the utmost freedom from gasket 
leakage, the metal gasket, between the mercury diffusion pump and 
the chevron, Z-baffle, liquid-nitrogen trap unit, is well below the top 
first-stage jet of the mercury diffusion pump and between the two 
water-jackets. This gasket is thus below the baking region, which in- 
cludes the top of the diffusion pump, both baffles and the cold trap. 
Thus, the seal made from silicon-aluminium wire is not only freed 
from metal gasket leaks that may arise on bake-out, but it is also 
subject to less stringent leak-free requirements. 

The ‘dry’ vacuum obtained by the cold-cathode getter-ion pump 
without the use of cold traps is undoubtedly attractive in setting up 
an ultra-high vacuum system. Indeed, some laboratories engaged on 
investigations under ultra-high vacua employ this type of pump 
exclusively, on the basis that it is less troublesome than the vapour 
diffusion type, even though the capital cost is greater and the ability 
to handle considerable gas loads is more limited. 

An ultra-high vacuum system based on a cold-cathode getter-ion 
pump employs two sorption pumps of the molecular sieve type for 
backing. Alternatively, two getter-ion pumps may be used and a 
single sorption pump (Fig. 85). In general, the getter-ion pump wilt 
produce a pressure of about 10”® torr in a baked chamber, but to 
enable it to produce better vacua, in the 10"^° torr region, it is essen- 
tial to bake the pump itself. During the bake-out of the cold-cathode 
or sputter-ion pump, about 97% of the gas released from its titanium 
electrodes and envelope is hydrogen; the remainder is helium, meth- 
ane, argon, nitrogen, water vapour, and carbon dioxide (Riviere and 
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Allinson [102]) Moreover, after pumping and swtchmg-offthe H T 
to the electrodes, gas - diieQy hydrogen - will be evolved even at 
room temperature Consequently, during bake-out of the pump to 
achieve subsequently ultra high vacua, it is essential to provide 
means of removing this gas. 

Good practice is represented by the system of Riviere and AUinson, 
which utilizes two getler-ion pumps, each of speed 40 litre per sec 
The sorption pump chilled with liquid nitrogen reduces the pressure 
initially to about 2 5 x 10"* torr, as recorded by a Piram gauge One 



Fig S5 Ultra high vacuum system based on a cold-cathode getter-ion pump 


of the getter-ion pumps is then switched on If this pump has not been 
baked, the initial heavy discharge current causes outgassing of its 
electrodes, so the pressure rises The pump has then to be switched- 
off and switched on again after a delay, until it begins to pump satis- 
factonly The diaphragm valve is then closed to isolate the sorption 
pump when the pressure drops to about 10“’ torr. Three bake-out 
ovens are used* A to bake the mamfold and chamber, B is arranged 
around either one of the getter-ion pumps , C is used to heat the ultra- 
high vacuum, metal closure valve and connecting tubing A and C 
could readily be combined m one oven 
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The procedure is to bake at 450°C the chamber, manifold and 
metal closure valve by means of ovens A and C, and meanwhile bake 
the getter-ions pumps alternatively with oven B. Whilst one of these 
pumps is being baked, its magnet is removed, whilst the other pump 
is switched on. After two days of pumping and bake-out in this way 
and subsequent cooling to room temperature a pressure is obtained 
approaching 10”^^ torr, i.e. below the X-ray limit of the thoroughly 
degassed nude Bayard-Alpert gauge. 

The procedure with two sorption pumps and a single cold-cathode 
getter-ion pump is to pump the system first by chilling one of the 
sorption pumps with liquid nitrogen. A pressure of about 2x 10~® 
torr is attained, which also prevails in the second sorption pump. The 
first sorption pump is then isolated by a valve, and the second sorp- 
tion pump is liquid-nitrogen chilled. The pressure will then fall to 
about 10"'^ torr, when the chamber and the getter-ion pump is baked 
to 450°C. Gas evolved from the getter-ion pump is then largely taken 
up by the sorption pump. After bake-out, the system is cooled, the 
second sorption pump is isolated by a valve and the degassed getter- 
ion pump is switched on. 

The commercial cold-cathode getter-ion pump systems of Varian 
Associates now include a titanium sublimation pump as an auxiliary 
or intermediate between the getter-ion pump and the sorption pump. 
This not only ensures low starting pressures for the getter-ion pump, 
but also provides extra pumping speed for getterable gases in the 
system. 

3.9. Vacuum Systems for Gauge Calibration 

There are two main ways of calibrating a vacuum gauge so that its 
output reading is known at various pressures for a known gas. The 
first is to compare it with a McLeod gauge, considered to be an abso- 
lute instrument, or a mercury or oil-filled manometer, if the pressure 
range to be covered exceeds 10“^ torr; the second way is to use the 
calculated molecular flow through an orifice of known geometry as 
the absolute standard. The McLeod gauge is not a suitable instru- 
ment for gauge calibration at pressures below 10 torr, for the 
reasons discussed in section 2.3, though extension to 10“ ® torr is 
possible if elaborate precautions are taken. The second method, of 
using an orifice, is valid below 10”^ torr where molecular conduc- 
tance prevails. It is therefore a good choice for calibrating an ioniza- 
tion gauge, but there are difficulties in providing adequate pumping 
speed at below 10~® torr; then a series of orifices is necessary with 
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large pumps and prolonged bake out procedures, leading to an ex- 
pensive set-up 

A 5} stem for calibrating a gauge ngamst a McLeod gauge is a static 
one for the pressure range from 10“‘ to 10”* torr It demands that 
the McLeod gauge be constructed taking into account the precautions 
given m section 2 3, that mercury vapour from the McLeod gauge is 
excluded from the gauge head under test by the use of a Iiquid-mtro 
gen-filled cold trap , that the McLeod gauge, together wth other parts 
of the system at low pressure, is baked out at 400“C, and, finally, that 
a gas metering system is included to admit the dry, known gas to the 



Fig 86 Vacuum system for calibrating shot-cathode ionization gauge against 
a McLeod gauge 


iiutially evacuated system It is clear, therefore, that some of the tech- 
niques practised in ultra-high vacuum systems are used, such as the 
employment of bakeable metal taps and metal gaskets For student’s 
use, this leads to an expensive construction requiring careful opera- 
tion In a college, therefore, asirapler, glass system employing greased 
valves and Umited bake-out of only the chamber to which the gauge 
under test is connected can be u^; it will be instructive but in- 
accurate, except at pressures in excess of about 5 x 10“® torr 
The rather elaborate system described here (Fig 86) is recommen- 
ded, simplification of it m constructing an all glass system for stu- 
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dent’s use can readily be accomplished. The practice is to obtain first 
an ultimate pressure of 10 " ® torr or below, isolate the system from the 
pumps by the metal valve closure, ensure that the subsequent pressure 
rise is not to above 10"® torr in 1 hour, re-establish the ultimate, 
isolate the pumps again, and admit the gas via a bakeable metal valve 
from a reservoir of spectroscopically-pure gas, to give various pres- 
sures in the range from 10"* to 10"* torr as indicated by the McLeod 
gauge ; within the isolated static system note the reading of the ioniza- 
tion gauge. To ensure that this gauge is not pumping significantly, 
its electron current should be 100 pA or less. The advantage of this 
static procedure is then that the pressure is the same throughout the 
isolated volume. 

To be able to satisfy the main requirement, that the pressure in the 
isolated system rises at a rate less than 10"® torr per hour, the use of 
an oil vapour diffusion pump siumounted by a stainless steel liquid- 
nitrogen cold trap and a bakeable metal closure valve of 1 inch ori- 
fice, with backing by an oil-sealed rotary pump on the lines of the 
system shown in Fig. 84, is recommended. The chamber to which the 
ionization gauge is attached can be glass connected via a glass-to- 
metal seal to the metal closure valve, or stainless steel with, say, one 
gauge connected via a glass-to-metal seal and the other a nude gauge 
mounted on a stainless steel cover plate with appropriate lead-ins and 
gold-wire sealing. Between the chamber, to which the ionization 
gauge is connected, and the McLeod gauge, it is essential to have a 
cold trap. This is best in the form of a symmetrical U-tube, to avoid 
pressure gradients across it on cooling with liquid nitrogen. An asym- 
metrical trap of the type shown in Fig. 22[b) would have a tempera- 
ture difference between inlet and outlet on cooling, which would 
introduce an unknown pressure difference due to thermal transpira- 
tion in the gas. The ovens shown in Fig. 86 are arranged to bake-out 
the system (except the pumps) including the McLeod gauge as far 
down as the tube leading to its mercury reservoir. 

The ionization gauge must be thoroughly degassed by electron 
bombardment or eddy-current heating before it is calibrated. 

The orifice method of calibrating an ionization gauge is a dynamic 
one, in that a measured gas throughput is passed through the vacuum 
system during the test procedure. In use for many years at the 
laboratories of Associated Electrical Industries Ltd., Manchester 
(Leek [103]), this technique has gained much favour recently as the 
hitherto unsuspected errors of the McLeod gauge have become more 
apparent. Normand [104], Roehrig and Simons [105], and Feakes 
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and Tomey [106] haw been recent exponents of the technique, and it 

may well become accepted by national and international standards 

organizations 

The principle adopted (Fig 87<i) is to connect the gauge Gi to be 
calibrated within or to a measuring chamber A, which is separated by 
an orifice O of calculated molecular conductance from a second 
chamber B, to which a vapour diffusion pump is directly attached A 
second, similar gauge, Gj, is attached to chamber B or, alternatively, 
by a simple arrangement of bakeable metal closure valves, one gauge 
only, Gi, is used and connected at will to cither A or B 



ng S7 The onfice method ofcalibralmg an lomzaucn gauge (a) pimople of 
the method, (6) dynamic vacuum system used by Normand 

If pi IS the gas pressure above the diaphragm in chamber A, and pt 
IS the gas pressure below the diaphragm m chamber B, whilst U is the 
molecular conductance of the orifice of area A, as calculated from 
equation (3 7), it follows that 

Q = U(Pi~Pi) 

where Q is the throughput of gas to the chamber A which can be 

readily measured 

Hence, 

(3 21) 
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If p^jp^ is less than 0-01, pi==QIU and is therefore determined. 
Alternatively, p^lpi can be considered to be known, provided the 
response of the gauges Gj and Ga is a linear function of the pressure 
over the range of pressures concerned. To evaluate U from the orifice 
dimensions, the aperture must be in a thin sheet of metal, and of area 
considerably less than the cross-sectional area of the chamber within 
which it is mounted. Otherwise, corrections must be made for an 
orifice in a plate of significant thickness and within a tube of com- 
parable cross-sectional area. 

Normand’s apparatus (Fig. 87h) comprises a cylindrical test dome, 
of 10 inch diameter and 16 inch height, mounted above a larger 
chamber which is pumped by an oil vapour diffusion pump of 10 inch 
mouth diameter. A smaller system can readily be constructed for 
students’ experiments on the same lines using, say, a 2 to 3 inch diffu- 
sion pump, but entailing some sacrifice of accuracy. A simple baffle is 
located between the pump and the orifice O. The top test chamber. A, 
is supplied with ports for mounting four external gauges and one 
nude gauge. The gas inlet line is directed upwards along the axis of 
the test dome, a procedure which can be shown to introduce insignifi- 
cant pressure gradients along the chamber walls. Normand’s orifice 
had a diameter of 5 cm giving a conductance of 226'7 litre per sec 
within the tube used, and the diffusion pump had a speed of 1,400 
litre per sec. The ratio P 2 /P 1 was 0-1665, insufficiently small to neglect 
it in equation (3.21), so linearity of the gauge over the pressure range 
had to be assumed. This rather large diameter orifice was needed to 
obtain low enough pressures in the top chamber. Smaller orifices can 
readily be used, but calculations on the system in conjunction with 
trials are necessary to ensure that the pressure range required can be 
covered. 

To measure the gas throughput Q where the gas is dry air and the 
lowest pressure is 10“® torr, a simple flowmeter may be used, of the 
type described for pumping speed measurements in section 4.1. This 
oil-filled flowmeter is connected to the gas inlet line to the test cham- 
ber via a needle valve. However, to calibrate an ionization gauge down 
to pressures of 10"^ torr: the test chamber of stainless steel with 
gauges would have to be thoroughly degassed by bake-out; the 
gauges degassed by eddy-current heating or electron bombardment; 
the oil difiusion pump provided with a liquid-nitrogen trap; metal 
gaskets would be preferred; and the needle valve replaced by a bake- 
able, metal, ultra-high vacuum valve. 

Furthermore, a rather more complex gas-admittance system is 
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necessary to provide known, lower, gas throughputs Here the use of 
a porous plug of porcelain or silicon carbide sealed within a Pyrcx 
glass tube, as introduced by Blears {see Leek [103]), m the gas inlet 
system is useful (Fig 88) TTie gas supply is best from a container of 
spectroscopically-pure gas From this container, gas is admitted via a 
needle valve foareservoir of volume f', which is pumped byasmall 
auxiliaryvacuum system to apressurepm the range 0 I to lOtorr.As 
p IS much larger than pj, the pressure in the test chamber A, it equals 
the pressure across the porous plug of conductance U(, The gas 



throughput is hence pU^, where p is known and t/o has to be found 
These porous matcnals arc, in effect, a large number of capiUary 
rubes in paraffef, of diameters smaff compared with the m f p even at 
pressures of 100 torr Hence, molecular conductance prevails even at 
such comparatively large and easily measured pressures Further, as 
the rate of flow of gas through the plug is directly proportional to the 
pressurep in the reservoir, it is readily shown that this pressure p at a 
time t IS related to the pressure p® at the time /=0 by 


p = Poexp(--J/ot/K) 
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so 

logeP = logoPo-C7or/F 

where V is the volume of the reservoir. 

A linear graph is therefore obtained on plotting log p over the range 
from 1 to 50 torr, as measured by the mercury or oil manometer, 
against time t, for a given gas. From the slope of this straight line, Ug 
for the gas concerned is found. 

It is recommended, when using such a system to calibrate an ioniza- 
tion gauge, that the purity of the gas admitted be monitored by a mass 
spectrometer, and that, when the calibration is obtained, the per- 
centages of impurities in the gas are noted. 


LEAK DETECTION 

The ultimate pressure />„ attainable in a vacuum chamber is decided 
by the effective pumping speed Se available at in relation to the 
quantity Q of gas entering the chamber per sec. Q will be due to actual 
leakage in the chamber walls or in the pumping system, due to the 
presence of holes, cracks, porosity, or defective seals, plus virtual 
leakage, due to the evolution of gas and vapour from the walls, added 
to which may be back-diffusion from the pump and permeability of 
the walls to gas. The concern is actual leakage, causing a quantity (2 l 
of gas per sec to enter the system, and the detection of such leaks so 
that they may be removed by sealing or replacement of a defective 
component. In general, except at ultra-high vacua below 10”® torr, 
back-diffusion and permeability may be neglected, but virtual leakage 
may be considerable, and may not only adversely influence p^ but 
also confuse the operation of the leak-detecting method. 

However, considering alone, it follows that 

Pa — Sl/'S'e 

where is in torr, in torr litre per sec, and Se in litre per sec; the 
effect of virtual leakage being ignored. 

Ifpu is to be 10”® torr, say, and S'e is 10 litre per sec, cannot be 
allowed to exceed 10”® torr litre per sec. Moreover, the lower the 
ultimate required, the smaller in proportion is the tolerable leak-rate 
with a given pumping speed. Alternatively, if a given leak-rate cannot 
be avoided, high values of Se will be demanded to achieve a low p^. 

Leaks are undoubtedly the vacuum technician’s biggest bugbear. 
An elusive leak may baffle him for some days. However, in the past 
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fifteen years or so, what was once an art involving simple tests, rule- 
of thumb methods, and intelligent guess-work has now become an 
orderly science This technological advance has been primarily the 
result of utilizing, for leak detection, vacuum gauges having a selec- 
tive response for a given gas, especially gas analysing gauges such as 
the mass spectrometer Furthermore, leak-detection vacuum plants 
designed for sensitive leak detection on components and chambers 
are now well established but rather expensive If such plant is avail- 
able, much time will be saved in constructing vacuum systems if all 
components liable to leakage are tested on it first before assembly of 
the system 

For practical purposes, and dealing only with the most frequently 
used methods valuable in the laboratory, leak detection procedures 
may be divided into three groups (a) simple, rough methods not in 
valving special equipment, (ft) methods utilizing the vacuum gauge 
on the system , and (c) sophisticated techniques involving the use of a 
specially built leak-detection vacuum plant for components and 
chambers 

3 10 Simple LeaK‘detection Procedures 

(fl) If possible, the component, c g a copper tube or vessel con 
taimng soldered joints, is suitably sealed temporanly, coated with 
soap solution, and dry compressed air is blown in at one end to 
indicate a hole 

(b) If the system is a glass one, (he Tesla coil is a useful tool The 
system IS pumped with the backing pump alone and the Tesla coil 
probe IS moved over (he glass surface A glow discharge is obtained, 
and, if the probe passes over a minute hole m the glass, a spark from 
the metal probe to the conducting gas will be observed 

(c) If (he leak is probably m a glass to metal joint, or in metal, or 
for other reasons cannot be detected simply by a Tesla coil, a glow 
discharge is formed in a discharge tube attached to the system or m a 
suitable glass walled region by means of a Tesla coil A fine jet of 
carbon dioxide or methanepassed over the region of the leak will then 
cause a change m the colour of the discharge because this gas partly 
replaces the residual gases m the system Ether, alcohol, and other 
organic liquids may be used instead of the gas, but they tend to 
adhere to glass and dissolve dirt on the surface 

3 1 1 Detection of Leaks by using the Vacuum Gauge attached to the 
System 

The cut-off or isolation test is a very useful and sensitive one, which 
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indicates that leakage is present but does not locate the actual leaky 
region or hole. It can be used on almost all systems, over the whole 
range of pressures below atmospheric, and operates with any vacuum 
gauge. The pre-evacuated chamber is simply isolated from the pumps 
by closing a stopcock or valve and left isolated for a suitable time, 
after which the pressure rise is recorded. In a complex system involv- 
ing several vacuum valves or stopcocks, intelligent isolation of one 
region at a time can lead to approximate location of the leak. A prob- 
lem is that virtual leakage is also indicated. In some cases it is pos- 
sible - but the operator can easily be misled - to distinguish between 
actual and virtual leakage, because the former gives rise to a pro- 
gressive increase of pressure with time, whereas a source of vapour 
within the system will tend to give initially a rapid rate of pressure 
rise which tails off after a time to a constant level. 

A sensitive gauge, such as a hot-cathode ionization gauge, in con- 
junction with a long cut-oif time can indicate - but not locate - very 
small leakage. Thus, if the pressure increases from, say, 10"® to 10"® 
torr in 1 hour in a vessel of volume 5 litre, the leak rate is 5(10"® 
-10~®)/3,600 torr litre per sec, i.e. 14x 10"® torr litre per sec. 

In making such a test, the iom'zation gauge must be operated with 
an electron current less than 100 pA, to limit the gauge pumping 
action. 

Another method, useable with any gauge, is to guess the likely 
location of the leak and seal it temporarily. If the guess is correct, the 
pressure recorded by the gauge on the pumped system will fall. Such 
temporary seals can be made with 2‘compound (a plasticene-like 
material), silicone putty, or W-wax if heating to 50°C is permissible, 
or a viscous, low vapour pressure oil. 

Of the various vacuum gauges described in Chapter 2, those most 
commonly employed for leak detection which have a sensitivity 
depending on the nature of the gas are the hot-cathode ionization 
gauge and the Pirani gauge. The cold-cathode gauge is an alternative 
to the hot-cathode one, but is often less satisfactory; the thermo- 
couple gauge is an alternative to the Pirani. 

A probe gas method is used in these cases. A suitable gas is played 
in the form of a fine jet over the walls of the system. A small container 
of the gas with an attached regulator valve is connected via rubber 
tubing to a fine jet in a drawn-down metal or glass tube. This jet of 
gas is passed slowly (about 1 inch in 20 sec) over the system. When it 
encounters a leak, the reading of the gauge increases. 

The probe or search gas entering the system through the leak will 
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change the constitution of the residua! gas m the system The sensi 
tivity of the leak-detector element is defined (Bntish Standards Insti 
tution 2951 1958) as the deflection of the indicator (i e the meter 
attached to the gauge in the present case) when at the position of the 
clement, unit partial pressure of air is exchanged for uiut partial pres- 
sure of the probe gas This sensitivity will increase the more com 
pletely the leak is covered by the probe gas, the higher the sensitivity 
of the gauge to tins gas, lheloP.cr the gas viscosity, so that it enters the 
leak readily, and the smaller the pumping speed of the system for 
this gas 

With a hot cathode loiuzation gauge, butane (Calor gas) meets this 
requirement best, though propane, helium, hydrogen, and trichlor 
ethylene vapour from a piece of soaked cotton w ool around a rod of 
glass may all be used Using a Bayard Alpert gauge with an electron 
current below 100 (tA and butane probing, it is possible to locate 
leaks in a system pumped to between 10 * and 5x10® torr Careful 
use of this method will often detect a leak which presents a chamber 
from being pumped to below 5x 10 ® ton by means of a pump of 
effective speed 5 litre per sec The ability to find such small leaks will 
depend, however, on the gas flow in the system, and so on the relative 
positions of the gauge, the inlet to the pump and the site of the leak 
To obtain increased ease of location, the pumping speed may be re 
duced by partially closing the isolation valve between the chamber 
and the pumps, and it is recommended that the steady ionization 
current at the prevailing pressure as recorded by the d c amplifier be 
backed off, b^usc it is dearly easier to detect a change of this 
current from near zero than from a finite value 

With the Pirani gauge, hydrogen with its low’ viscosity and high 
thermal conductivity is the best probe gas The Piram gauge is useful 
at pressures m the range from 10 down to 10 ® torr m a system pum- 
ped by an oil sealed rotary pump alone, where partial throltlmg of 
this pump by a valve is helpful It can also be used advantageously in 
the backing stage of a vapour pump/rotary backing pump combma 
tion, m which case the pressure alrovc the vapour pump may be m 
the range from 10"® to 10 ’ torr The best sensitivity is obtained with 
pressures at the Piram gauge head of below 10 ^ torr To use this 
procedure, the Piram gauge is best balanced at the pressure pre- 
vailing - which should be as steady as possible - and a more sensitive 
instrument such as a lamp-and scale galvanometer substituted for the 
normal panel mounted microanuneter Butane is better than hydro- 
gen if the speed of the pump can be artificially restricted, but hydro- 



Vacuum Systems, Components, and Leak Detection 191 

gen is normally used. Coal-gas is a simply-obtained alternative, but 
gives about one-tenth the sensitivity of hydrogen. 

With the Bayard-Alpert gauge and butane probing, leaks as small 
as 10"'^ torr litre per sec and below can be detected; the Pirani gauge 
with hydrogen probing is able to detect leaks of about 10"® torr litre 
per sec. 

The smallest leak that a leak detector can indicate is quoted in 
terms of the minimum throughput of air into the leak that is detect- 
able. This may be expressed in various units depending on the unit of 
pressure and the unit of volume chosen. Those most commonly em- 
ployed are the torr litre per sec, the lusec, and the standard cu cm per 
sec. The word Tusec’ comes from litre micron per sec, i.e 1 ja sec. 
Note: 

1 standard cu cm per sec = 1 cu cm of gas at 760 torr per sec 

= 0-76 torr litre per sec 
1 lusec = 10~® torr litre per sec 

If a system is pumped by a cold-cathode getter-ion pump, the 
current passing through the gaseous discharge in the pump is a linear 
function of the pressure in the pump; no additional vacuum gauge is 
necessary, presuming the pressure in the pump is the same as that in 
the chamber. The meter, in series with the H.T. supply to the pump 
electrodes, which records the pump current may therefore be cali- 
brated so that it also records the pressure in the pump. Furthermore, 
the current I through such a pump at a given pressure p when opera- 
ting against an air leak in the system will change significantly by A/ 
when another gas - the probe gas - is admitted through this leak. If 
the probe gas is argon, nitrogen, or helium, the current increases; if 
it is oxygen or carbon dioxide, this pump current decreases. 

To be able to record small values of the change A/ and thus small 
leaks, the pump current before probing must be constant. Therefore, 
the initial gas conditions in the system and the H.T. supply to the 
pump must be stable. Furthermore, a stabilized amplifier is needed to 
amplify and record small values of A7. 

This technique of leak detection was originated by Varian Associ- 
ates Ltd. and is the principle of their Vaclon pump leak detector. This 
unit contains a stabilized H.T. supply and an electronic amplifier. 
For this firm’s 5 litre per sec and 8 litre per sec Vaclon pumps (Vac 
Ion is their trade name for a cold-cathode getter-ion pump), the leak- 
detector unit can supply the H.T. and the indication of current 
change A/ on gas probing for leaks. Larger pumps demanding high 
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initial pump currents are started with their appropnate H T units 
and then the leak-detector unit substituted, of which the H T power- 
pack supplies 3,300 volt on open-arcuit and a short-circuit current 
of 150 mA 

Maximum sensitivity m leak detection is obtained by using a 
potentiometer recorder at the output of the amplifier, and the sequen 
tial use of first oxygen (A/ negative) and then hehum (A/ positive) 
Leaks may be found over the pressure range from 10~* to 10"^^ torr 
and with a reported maximum sensitivity of 2 10“^^ standard cu 
cm per sec of air, which is 2x 10~** torr litre per sec 

3 12 Special Deuces and Leak Detection Vacuum S}stems 
Of the several devices which have been developed for leak detection, 
those most widely used, other than standard vacuum gauges, are the 
palladium barrier leak detector, the halogen leak detector and the 
mass spectrometer If convenient, any one of these devices may be 
connected to a vacuum system for leak-detection purposes More 
sophisticated practice, however, is to use the device withm a vacuum 
system specially constructed for leak detection on components or 
chambers , the system is then designed to obtain maximum sensitivity 
of detection and to avoid spurious eflecls that may adversely affect 
optimum operation 

The palladium barrier leak detector (Nelson [107]) was first made 
commercially available by the I^dio Corporation of America and 
has been developed m Britain by Edwards High Vacuum Ltd , whose 
gauge head IS shown m outline in Fig 89 Thisheadisofglasswitha 
seal to Kovar for joimng it to a system via an O nng The end of this 
Kovar tube wilhm the glass envelope is sealed by a thin disk of pal- 
ladium The glass envelope contains the electrodes of a hot-cathode 
jomzation gauge of special construction, is permanently sealed off 
under vacuum and is gettered The electrons from the hot thermionic 
cathode bombard the palladium disk, which is an anode at about 
-f 400 volt with respect to the cathode, and raise the temperature of 
this disk to about &0Q‘’C, with, aa aandn disaipatwm. oC 6 watt The 
palladium at this temperature becomes permeable to hydrogen but 
not to other gases Around the axially mounted cathode and anode is 
a metal cylindrical collector mamtamed at between 0 and —90 volt 
relative to the cathode This forms a collector for positive ions and 
also assists by focusing the clcdroos at the anode If this gauge head 
IS attached to a system containing aleak, and a fine jet of hydrogen as 
the probe gas enters this leak, some of it will permeate the palladium 
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anode, and current will be recorded at the ion collector due to the 
positive hydrogen ions formed and collected. The marked increase of 
this ion-collector current above that due to the residual pressure of 
about 10“'^ torr in the gauge head indicates the presence of the leak. 

As the low pressure in the gauge head is independent of the pres- 
sure in the system, the latter can be much higher than the former; 
indeed, the system can be pumped by an oil-sealed rotary pump alone. 
However, the chief difficulty is then that hydrocarbons from the pump 
oil and water vapour are dissociated at the hot palladium to produce 
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Fig. 89. Palladium barrier gauge head. 


hydrogen, which is confused with the hydrogen entering the leak on 
probing. This problem is overcome, by installing a cold trap cooled 
with liquid nitrogen or solid carbon dioxide in the tubulation be- 
tween the rotary pump and the gauge head. A useful leak-detecting 
arrangement is then available. 

The palladium barrier gauge is capable of detecting leaks as small 
as 10"® torr litre per sec. To obtain this sensitivity, however, two 
additional factors have to be considered in designing a leak-detection 
vacuum system. The first is that the oil-sealed rotary pump suffers 
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about X 30, the second Dj smooths out the pressure fluctuations of the 
rotary backing pump In a s>$ttm of this kind described by CXhert 
and Steckclmacher [lOS] (Fig. 90X there is also provision of a needle 
va]\e to the ballast volume to which the gauge head is connected 
This enables hjdrogen to be tnckled into thesj'stcm to add at will to 
the amount of h>drogen present resulting from probing the leaL The 
necessity for such additional h>drogea arises because oTvgen sorbed 
on the palladium ma> restnet the permeation of h>drog*Ti. 

The operation of the halogeo leak detector (White and Hickc> 
II09D depends on the fact that platinum (as also does glass, which 
can be used) emits positive ions when heated in vacuo, and this posi 
ti\*e ion emission is much affected by the presence of halog^ 
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To detect leaks in vacuum systems, a leak detector tube is used 
containing a platinum cylindrical anode which is heated indirectly by 
an inside filament carrying electric current. The positive ions emitted 
are collected by a surrounding coaxial cathode (Fig. 91) at a negative 
potential with respect to the anode of 50 to 500 volt, with a d.c. 
amplifier or microammeter in series to register the positive ion 
current. The probing gas is then a halogen-bearing one such as freon 
12, carbon tetrachloride, or trichlorethylene. When this probe gas - 
freon 12 is preferred - enters a leak, the positive ion current increases, 
so the presence and location of the leak is recorded. 

The halogen method is valuable in that the positive ion emission 
from platinum is independent of the surrounding pressure provided 
the gas is halogen free. The detector tube can therefore be at any 
pressure from atmospheric down to the ultra-high vacuum range. 



Fig. 91. A halogen leak-detector tube. 

However, if operated at, say, 1 torr, in a large container, leak detec- 
tion will be made difficult because of the long time elapsing between 
entry of the halogen through the leak and its effect on the positive ion 
emission. 

In a leak-detection vacuum plant utilizing a vapour pump/rotary 
backing pump combination, the halogen detector tube may be con- 
nected to either the high vacuum side - giving a shorter response 
time - or the backing vacuum side, providing higher sensitivity be- 
cause of pressure amplification. 

This technique can also be used to find leaks in containers which 
can be filled with air and freon at a pressure exceeding atmospheric. 
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The halogen leak*detector electrodes are then mounted in a container 
at atmospheric pressure furnished with a handle to look like a pistol 
A narrow steel tube enters this container, and the pistol 'smffer* is 
mo%ed over the container walls until a leak is detected, when freon 
escapes through a hole to enter the narrow tube connected to the 
interior electrodes 

The minimum detectable leak by the halogen detector tube opera- 
ted on a vacuum system is about 2 5x 10"* torr htre per sec It is an 
alternative to the palladium barrier method, preferred by some wor- 
kers because it is not so suspect to spunous effects ansmg from hydro- 
gen generated within the system 

The most sensiti\e vacuum systems for leak detection in com- 
ponents are based on the mass spectrometer The usual procedure is 
to use a magnetic-deflection type mass spectrometer ‘tuned* to 
record a mass of 4 a m u , i e helium, and then employ hehum as the 
probe gas This method is not only of great sensitivity, it is also the 
most rebable means of indicatmg small leaks because hehum is un- 
hkely to be present m the system for any other reason than entry of 
the probe gas 

Several vacuum manufacturers market mass spectrometer leak- 
detection systems, most of them are based on a sector field type of 
magnetic deflection instniraeot The 180° deflection mstniment 
specially designed m a small compact assembly with a permanent 
magnet is popular An example is the ‘Ccntronic’ mass spectrometer 
leak detector of 20th Century Electronics Ltd , in which the radius of 
the semicircular ion path is 1 25 cm This is similar to the Consoli 
dated Electrodynamics Corp detector, which employs a Diatron 
miniature 180° mass spectrometer 

The head of the Cenlronic mass spectrometer (Fig 92) contains a 
thermiomc filament F, from which electrons are accelerated through 
shts in the positive box B to be collected at an anode A Positive ions 
formed in the wake of these electrons are repelled by the positive 
repeller plate R and attracted to the slit S in the plate N This slit S is 
parallel to the electron beam between F and A The accelerated posi- 
tive ions which traverse the sht S then execute (at constant velocity 
for a particular mass to-charge ratio) a semicircular path m electnc 
field free space within the perpendicular uniform magnetic field, of 
flux density 2,200 gauss approximately, provided by a surrounding 
permanent magnet When the accelerating pd on the repeller plate is 
about 125 volt, singly-char^d hehum ions of mass 4 a m u desenbe 
a semicircle of such a radius that they are focused at the exit sht Z, 
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which they traverse to reach the ion collector plate C after passing 
another slit in a suppressor plate D. These ions form a current which 
passes down an external resistor of 10^^ ohm to earth. The p.d. 
developed is the input to a d.c. amplifier with an electrometer valve 
input stage. The output meter then suffers a deflection which is pro- 
portional to the partial pressure of helium in the system. Only singly- 
charged helium ions will be accurately guided towards the collector 
plate C; other ions, of different mass-to-charge ratio, will execute 
paths in the magnetic field of the wrong radius and so will not tra- 
verse the exit slit Z. However, scattered ions of other than helium 



may traverse Z by chance. These can be prevented from reaching C 
by a positive potential of about 20 volt on the suppressor D, because 
they have small velocities compared with the helium ions of energy 
125 eV. 

Tliis type of mass spectrometer cannot be operated at a pressure 
exceeding lO"'^ torr because of the thermionic filament, but it is 
valuable at pressures down to 10"^° torr and below. The head is pro- 
vided with its own vacuum system, quite apart from that of the 
system used to evacuate the chamber or component under test. A 
general arrangement of this mass spectrometer leak detector vacuum 
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system (Fig 93) compnses a liquid nitrogen filled cold trap, an oil 
diffusion pump and a rotary backing pump with isolation N-al^rs and 
a Bayard Alpert gauge This system is best of polished stainless steel 
to asoid corrosion and outgassing The component or chamber under 
leal lest IS evacuated bj a separate s-acuum system sphere a smgleofl 
filled rotary pump is often adequate The usual procedure is to con 
nect this component or chamber to the vacuum system of the mass 
spectrometer by tubulation •nhich contains a needle or throttle val« 
The helium probe gas jet is then moved siowlj over the component or 
chamber When this gas jet encounters a leak, a pressure nse is rc- 
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corded b) the output meter or recorder of the mass spectrometer d c 
amplifier 

Alternative procedures follow 

(o) Insomccases the vacuum system ofthe mass spectrometer can 
also be used to evacuate the component or chamber tinder test. This 
is only possible if this component is not too large and has been first 
tested by other means to ensure that it is free of large leaks, other 
wise the pressure m the mass spectrometer will nse above 10 * torr 
(h) A ‘sniffer’ techmquemay beused if the component or chamber 
under test can be pressurized with helium or gas contammg hehmn 
A samplmg probe is then connected by flexible tubmg to the inlet of 
the mass spectrometer system The sampling probe is then moved 
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over the outside surface of the component; when it encounters a leak, 
helium enters the mass spectrometer. 

The mass spectrometer method is capable of detecting leaks as 
small as 1 0 " to 1 0 ” torr litre per sec, and much smaller with more 
elaborate instrumentation. 

To leak-test a number of components or chambers, a manifold or 
base-plate arrangement is convenient and may be adapted to any one 
of the leak-detection vacuum systems. For example, a manifold with 
a number of port-holes may be set up and the components sealed over 
these holes by suitable gaskets or sealing compounds. Again, a base 
plate with sealing gaskets of various sizes may be used as an accessory 
to leak-test a number of vacuum chambers of the bell-jar type. The 
hood test is also useful: here a cup or beU-jar or even a plastic bag is 
placed over the component or chamber which is connected to the leak- 
detection system. The probe gas is then admitted inside this hood. 
This enables a test to be made of whether the component is leaky or 
not, but does not actually locate the leak. Subsequently, the leak can 
be located by the probing method; often this is unnecessary because 
the component is simply rejected as not vacuum tight. The plastic bag 
method is convenient in testing a large chamber: however, if hydro- 
gen is used as the probe gas, it is not recommended because of the 
danger of sparks. 

Audible alarm systems can readily be devised for inclusion within 
leak detectors having an electrical output. The current change on 
encountering a leak with the probe gas is amplified and fed to a small 
loudspeaker. This provision is useful in that the technician may well 
be probing for a leak in a location from which he is unable to see 
deflection of the output meter easily. 



CHAPTER FOUR 


THE MEASUREMENT OF PUMP 
PERFORMANCE 


41 The Measurement of Punip Speed 

Adopting a more specific definition than that given on p 6, the 
speed iS" of a pump for a given gas is defined as the ratio of the through- 
put Q of that gas to the equihbnum pressure p at the mouth of the 
pump under specified conditions of operation Thus, S=Q/p. This 
definition applies to any type of vacuum pump For mechanical 
rotary pumps, S is quoted m litre per mm and Q m toir litre per nun 
In the case of vapour pumps and other types providing pressures 
below 10' ® torr, S is quoted m hire pet sec and Q m tort litre per sec 

The speed of a pump vanes with the pressure prevailing at its in- 
take port, though the variation is often not significant over some part 
of the pressure range It is therefore necessary to obtain a speed- 
pressure characteristic To determine this, the practice is usually to 
set the gas pressure p at vanous equihbnum values within the working 
range, by metenng gas into a test header connected to the pump inlet, 
and achieve the eqmlibnum by balancing this inlet throughput Q of 
gas against the speed iS of the pump 

To measure the equilibrium pressure, two types of gauge are nor- 
mally employed the McLeod gauge, for tbe range from 10 to 10"* 
torr, and the hot-cathode ionization gauge, for pressures below 10'* 
torr If it IS required to record pressures above 10 torr, a mercury or 
oil manometer u used 

The McLeod gauge must be trapped, i e a cold trap chilled wth 
liquid nitrogen or air needs to be installed in the connecting tube 
between the test header and the gauge Mercury vapour from the 
McLeod gauge is then excluded from the system and this gauge will 
cecoed ordy peemaaent gis preissssses 

The hot-cathode ionization gauge must be degassed by electron 
bombardment and run with an electron current of 0 I mA or less, to 
avoid sigmficant electncal pumping by this gauge Further, it is 
preferable to use a Bayard-/Jpcrt-type gauge with a low temperature 
emitter filament, e g coated with l an thanum hexabonde, to minimize 
chemical reactions between the gas and the filament As sorption of 
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oxygen is significant at hot-cathodes, it is also recommended that any 
tubulation between the gauge head and the test header should have a 
conductance exceeding 50 litre per sec, to avoid pressure difference 
between the gauge electrodes and the header. 

The necessary throughput Q of gas into the test header has to be 
determined. Tliis is done by a flowmeter of which the displacement 
type is most used. Usually the gas admitted is air (dried by passing 




Fig. 94. Displacement type gas flowmeters. 


over silica-gel), but other gases from a suitable reservoir can be 
employed. 

A type of flowmeter often used is that shown in Fig. 94(a). This is 
made of glass and filled with oil of the same type as used in the pump 
(silicone oil serves with a mercury diffusion pump). The left-hand 
limb of the flowmeter contains a bulb B of known volume F between 
lower and upper graduation marks X and Y respectively. At atmos- 
pheric pressure, the oil level is below X and equal to that in the 
reservoir R. Above the bulb B is an ‘over-shoot’ bulb to which is 
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attached a greased stopcock S by means of a side tube Above the 

over-shoot bulb, the flowmeter is connected by rubber pressure tubing 

to a needle valve which connects directly into the inlet tube to the test 

header 

Irrespective of the type of pump, stopcock S is imtially open and 
the needle valve closed The pump is then switched on and an equili- 
brium ultimate pressure and temperature established The needle 
valve is then opened partially to establish a set pressure p in the 
header When this new equilibrium pressure is attained, the stopcock 
S IS closed, then the oil in the flowmeter will rise into the bulb B The 
time t for the oil level to rise from mark X to mark Y is measured with 
a stopwatch, where the volume V between X and Y is known After 
ensuring that t has been measured satisfactorily, the stopcock S is 
opened to restore cquahty of oil levels in the two hmbs of the flow- 
meter, and the needle valve is re adjusted to give a new pressure p in 
the header The readings are then repeated 

The air in the flowmeter between the lower mark X and the needle 
valve IS initially at atmosphenc pressure torr (recorded by a 
Fortin barometer) and has a volume Fj Finally, it is at a pressure 
(P4-ftp/l3 6) tort and has a smaller volume Fj, where his the head of 
oil of density p between the upper mark Y and the now reduced level 
in the reservoir The throughput Q of gas is therefore given by 

As 

n-Ka- K 

■ 2 = [p.r+^(r.-K)]// (4 1) 

/rp/13 6 is small compared withp, because p is about umty, h about 
100 mm, and p* is nominally 760 torr Further, (Fx — F) can be made 
small Hence, equation (4 1) reduces with small error to 

Q=p.vit 

This must equal the throughput into the test header at the much 
lower pressure p, the pressure drop from near atmosphenc to the 
vacuum m the header being achieved by the needle valve The speed 
S' of the pump is then given by Qfp, i e 

S = p.F/pr 
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where S is in litre per sec, provided that pa and p are in the same units 
(usually torr), V is in litre, and t in sec. 

A graph of S against p can therefore be obtained for the pump in 
question and is usually plotted on log-linear graph paper with the 
horizontal logarithmic axis marked in torr and the vertical linear axis 
in litre per sec. 

With a flowmeter of the type shown, the time t can only be recorded 
with accuracy if it exceeds 5 sec and is preferably not greater than, 
say, 10,000 sec. Assume p^ is 760 torr, then with a convenient value of 

V of 0-01 litre the speed range in litre per sec coverable by the flow- 
meter is from 7-6 x 10 'Vi’ to 7-6/5p. At p=10"® torr, this corres- 
ponds to a range from 76 to 1 52,000 litre per sec, covering all vapour 
pumps except the smaller ones. Atp = 10“^ torr, the range is 7-6 to 
15,200 litre per sec. As the pressure is increased, so these figures at 
the extreme of the range decrease in proportion. It is seen that for the 
measurement of the speed of the smaller pumps at low pressures, 

V must be reduced to 0-001 litre or less. 1 ml can be achieved by 
choosing marks X and Y on a straight tube in place of the bulb C. 
Alternative practice for low speeds at low pressures is to use the 
simple flowmeter of Fig. 94(h), which takes the form of a graduated 
capillary tube in which is placed a pellet of mercury, or preferably, 
a close-fitting, small, steel ball lubricated with oil (A. Leemans: 
private communication), which can be conveniently moved to any 
position along the capillary by means of a magnet. 

As the set pressure p is increased to above 10'^ torr, the speed 
measurable with a displacement flowmeter and with convenient times 
of oil level rise becomes restricted. Indeed, for gas throughputs ex- 
ceeding about 0-1 torr litre per sec, the displacement flowmeter is 
inadequate as the rise times become too short. A commercial flow- 
meter of the orifice or float type is then used. 

The design of the test header is important in that it is vital to avoid 
any direct line between the gas inlet to the header and the connection 
to the gauge, because the admitted gas may then be partly beamed 
into the gauge and give false pressure readings. 

The test header used when measuring the speed of an oil-sealed 
mechanical rotary pump is conveniently of circular cross-section. It is 
usually chosen to have a volume a few times greater than the volume 
swept by the rotary pump in one compression cycle, so as to mini- 
mize pressure fluctuations due to the pulsing effect consequent upon 
revolution of the rotor. To avoid any direct line between the gas inlet 
and the gauge connection, the gas inlet from the external needle valve 
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N'jscon\T>-«i into lbs hc 2 d''r\iaan lalrmal a.'ual containing a 
nght angle bend and leading upwards to a furnci shaped ouJet near 
the top co> er of the test header TTie diicens ons and positioning are 
shovi-n in Fig. 95 Further, the connection to the gauge (usually a 
McLeod) 1 $ from an i"temal tube containing a nght angle within the 
header and terminating at an inH on the central axis below the bend 
in the gas flow irtcmal lube In this wa>, incoming gas molecules 
must tc scattered from the header top before affcciing the prcsn.'c m 
the sacin'y of the inlet to Ih* gaug- tube and the arrang-n^nt simu 



lales a chamber n which lb* gas molecules base \eloaty sectors 
which arc conpHcIy random in distribution 
The lest header used wh'^n mtxxsnsz the speed of* taponr porn? is 
of great importance and has been the subj'^n of much co"tros-er$v 
Ideally, all the gas molccLles which enter the pump mouth should do 
so with no prepond*rant Cow This m-acs that the mo’-cults s'-ould 
has-e a wholly random distnbuiion o>cr all directions, so that the 
number of molecules leasing a surface in a direction mating an an^e 
r w ith the normal to the surface is proportional to cos P ViTien the 
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gas is confined within a test header of finite volume, there will arise 
some streaming effect of the molecules into the pump mouth. The 
ideal, whereby a Knudsen cosine distribution of molecules is obtained 
at the pump mouth, can be realised by using a large test header with 
suitably positioned gas inlet and gauge. In practical vacuum systems 
such conditions often do not obtain; again, in the specification of a 
test header, provided that it gives results which do not depart too 
greatly from the ideal, it is more important to arrive at an agreed 
arrangement rather than insist on the use of chambers of such dimen- 



Fig. 96. Arrangement for determining the speed against pressure characteristic 
of a vapour diffusion pump. 


sions as to be difficult and costly to fabricate. Agreement is necessary : 
two vapour diffusion pumps of the same mouth diameter and physi- 
cal size may be specified to have considerably different speeds; it is 
possible that the disparity is due to different measurement techniques 
adopted and not that one design is more efficient than the other. 

The present tendency is to use a test header conveniently of the 
same diameter as that of the pump mouth, and to position the gas 
inlet and gauge positions so as to simulate closely the conditions that 
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would exist m an ideal chamber Fig 96 shows such a test header 
this IS a cylinder of the same diameter D as the pump mouth and of 
height \D Tlie connecting tube to the gauge enters the scrlical wall 
of the header along its radius and with its axis at a height abose 
the pump inlet flange This tube should have a length not exceeding 
6 inch and a diameter not less than \ inch The gas inlet arrang-ment 
IS such that molecules of gas arc scattered from the top of the header 
with a distribution of \cloctty sectors following as closely as possible 
the Knudsen cosine law This is achiesed by a pipe entering the 
header along its radius and bent upw-ards through a right angle to lie 
along the header axis and terminated at an outlet a distance of D}1 
from the flat top cover plate 



Fij 97 speed testing by a conductance tube method 


For small flow rates of less than about 5 x ID * torr litre per see, 
the method described above leads to inconvcnicnUy long times of 
measurement. A variation on the procedure, which is preferable then, 
IS to admit the gas from a reservoir at a known low pressure through 
atubeofknownconductanccinto the test header ’liusset up is only 
useful for measunng speeds at pressures below 10”’ torr, and has 
been found valuable m speed studies on getter ion pumps as well as 
vapour diffusion pumps 

Speed testing hj the conductance tube method is earned out by an 
arrangement shown in Fig 97 The test header on the pump and the 
gauge position are the same as m Fig 96, but the gas inlet tube now 
enters the side of the header at a height D above the pump flange 
This inlet tube is cylindrical and of known diameter d and length L, 
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where Ljd is preferably greater than 20, Its inlet end is from a second 
chamber above an auxiliary pump. A nude ionization gauge enters 
this second chamber as shown, whilst the gas inlet from a needle valve 
outside this second chamber is into a horizontal internal tube con- 
taining a series of holes. In this way, a random distribution of gas 
molecules is ensured in the second chamber. 

Let Pi equal the equilibrium pressure measured in the main test 
header, when the gas throughput Q is established due to a pressure 
Pa ( > Pi) in the second auxiliary chamber brought about by a suitable 
gas inlet rate througli the needle valve. If p^i is the ultimate pressure 
in the main test header and po^ that in the auxiliary chamber, the flow 
rate Q into the main test header is given by 

<2 = U[iP2-Po^)-{Px-PoJ\ 

The tube conductance U is calculated knowing its length L and 
diameter d by means of equation (3.16). This conductance must be 
small compared with that of the main test header and the pump 
speed. Further, if U is chosen so that (P 2 -Po 2 )l(Pi—Poi) is not less 
than 100, the previous equation simplifies to give 

Q = U(p2-Poj) 

The speed S of the pump under test is given by 

S = ^ = ^(Pz-Po2) 

Pl-Poi Pl-Poi 

Hence S is found at the test header pressure pi, because U is cal- 
culated, and Pa, Po 2 , Poi are all measured. Note that the ultimate pres- 
sures Poi and Po 2 are important with low gas throughputs, obtained 
when the pump is working near its ultimate pressure. In some cases, 
however, p^^ and Po^ may be neglected as less than 2% of pi and pa 
respectively. It must be stressed that pi and pa must both be molecular 
pressures (< 10~® torr) at which the ra.f.p. exceeds the tube diameter 
d, otherwise the molecular conductance equation for U does not 
apply. 

4.2. The Measurement of Ultimate Pressure 

For an oil-sealed rotary pump, the ultimate pressure usually speci- 
fied is that due to the permanent gases. As the oil in the pump will 
exert a vapour pressure, it is best to incorporate a liquid-nitrogen 
trap in the line between the gauge and the pump intake port. If this 
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trap IS not includec!, it is essential lo check the compression ratio of 
the McLeod gauge to find out whether or not any wpour present is 
compressed to saturation if it is, the saturated vapour pressure may 
be an nppicciabJe contribution to the pressure in the compressed gas , 
if not, the sapour pressure may be recorded Tlie McLeod gauge is 
suitable for pressures m the range 10 to 10' * torr, for ultimates below 
10** torr, a degassed hot-cathode ionization gauge (with trap) is used 

The McLeod gauge must be joined sia the cold trap (the U tube 
pattern of Fig 22(o) is suitable) lo the pump (furnished with an isola- 
tion valve) by means of leak free tubing Rubber pressure tubing is 
not recommended , flexible mcla! bellows tubing or glass tubing with 
suitable, greased cone joints Is preferred 

If the pump IS fitted with gas ballast, it should be run for S hour or 
more with the ballast full on and the isolation valve closed to free the 
pump oil of contaminants 

To record the ultimate pressure, the gas ballast valve is closed, the 
isolation valve opened and the cold trap chilled with liquid nitrogen 
To enable the McLeod gauge to be kept under vacuum when not in 
use, a greased stopcock is included above it When the pressure pro- 
duced by the pump is below about 1 torr (attained m a few min) the 
stopcock to the hIcLeod is opened The pressure is then recorded at 
hourly intenals The ultimate pressure attained by the pump is that 
recorded when three successive pressure readings indicate no further 
reduction m pressure It must ^ ensured that the $>stem is free of 
leaks The measurement of the ultimate pressure is repeated with the 
gas-balbst full on 

It IS generally misleading to quote an ultimate pressure for an oil 
vapour diffusion pump, because this will depend on the design of the 
system within which it is incorporated Thus, a pump with a nominal 
ultimate pressure of 10'* torr can be used to achieve ultra high vacua 
if It IS cfiectiv cly bafllcd and trapped, suitable scaling gaskets are used, 
and the system is bakeablc (section 3 8) Further, a mercury diffusion 
pump vv ill not prov ide an ultimate pressure below the vnpour pressure 
of mercury at the ambient temperature (10’* torr at 15*C1) unless it 
IS used with a cold trap 

The hot-cathode ionization gauge «s usually cmplo)‘ed to measure 
uUimitc pressures ofvapour pumps ThcBajard Alpcrl gauge is pre- 
ferred and must be thoroughly degassed ’This gauge must be con 
nected to the pump test header m such a way that there is no direct 
line between the pump mouth and the electrodes Further, the con- 
ductance for air of any tubulation between the gauge electrodes and 
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the pump mouth should exceed 50 litre per sec, othertvise significant 
differences of pressure can become established between the gauge and 
the pump because of the pumping action of the gauge. The electrical 
pumping action due to positive ions in the gauge becoming retained 
as gas at the ion collector and its walls can be reduced to insignificant 
values by limiting the electron current to below OT mA. However, 
the gauge hot filament can sorb active gases, particularly oxygen and 
hydrogen, so the oxygen in the air may be pumped rapidly. Indeed, 
there is a growing, healthy tendency to suspect the usual hot tungsten 
filament of an ionization gauge, owing to its activity in the presence 
of oxygen, carbon dioxide, water vapour, and hydrogen, which be- 
comes partly atomic hydrogen with a high affinity for wall surfaces. 
The present remedy is to use a lanthanum-hexaboride-coated fila- 
ment run at a temperature of about 1,000°C or less to minimize these 
reactions (see also p. 129). 

4.3. Measurement of the Back-streaming Rate of an Oil Vapour Pump 

Among the several possible measurements of the various aspects of 
pump performance, there is space for only one other important 
quantity : the rate at which oil back-streams from an oil vapour pump. 
A method described by Power and Crawley [110] utilizes a cylindrical 
test header of diameter equal to that of the pump mouth and with a 
coned-top cover plate (Fig. 98). Between the flange to this header and 
the flange of the vapour pump is inserted a removable flange fur- 
m'shed with a machined, annular, collecting channel. Sealing between 
the three flanges is by 0-rings, as shown. The oil which back-streams 
into this header collects in this channel, and then drains into a gradu- 
ated burette. The other end of this burette connects to a valve. From 
this valve, there is a tube leading to backing connection of the vapour 
pump, so that oil collected can be drained back into the vapour pump 
on opening the valve. 

In the test procedure, the system is run for 48 hour or more to 
ensure that the inside of the header is coated with a thin film of the 
pump oil. The test proper is then begun and oil is collected over a 
period long enough (usually 70 hour or more) to ensure sufficient 
quantities for accurate measurement. The test header should be main- 
tained at the same temperature as the pump cooling water at the 
inlet, or at room temperature for an air-cooled pump. It is advan- 
tageous to tilt the pump and header axis slightly from the vertical, to 
facilitate drainage of the oil into the burette. The back-streaming rate 



210 High Vacuwn Technique 

IS quoted usually for a given oil in ml per sec per sq cm of the pump 

mouth cross sectional area 

It IS also important to be able to measure the reduction of back 
streaming brought about by the use of a baHlc above the oil vapour 
pump (section 1 II) The use of an cOlcient bafUe will reduce the 



quantity of back streaming oil to such low values that a direct gravi 
metricmcthodismsufTicicntlyscnsitive Inrcccnlwork themeasure- 
ment of much smaller amounts of back streaming oil has been 
undertaken particularly by the use of a quartz crystal in the pump 
header The crystal sensitively undergoes a change of its high fre- 
quency resonant vibration on accumulation on its surface of very 
small amounts of oil 



CHAPTER FIVE 


MISCELLANEOUS MATERIALS, 
DEVICES, AND PROCESSES 


Within the area of vacuum technology and its applications, there is 
encountered a very wide variety of materials about which it is 
important to have data, particularly as regards their properties and 
behaviour within an environment at low gas pressure. These materials 
may require special processes for handling and cleaning. Again, 
certain devices of great assistance in various aspects of vacuum tech- 
nique merit description and do not necessarily come within the 
province of the production and measurement of vacua, which has 
been the subject of the preceding chapters. 

Many of the usual physical and chemical constants of materials are 
needed; as these are readily obtained from standard reference books, 
they are not generally included here. Accounts given are further re- 
stricted to those materials frequently of concern in the vacuum 
laboratory rather than in industrial applications. 

Because the information required is often miscellaneous and not 
always readily given in any logical sequence, no apology is offered for 
adopting an alphabetical sequence; at least it has the merit of 
facilitating reference. 

Aluminium. A ductile metal of low density with good electrical con- 
ductivity (resistivity: 2-45 x 10“® ohm cm at 0°C) which is difficult to 
degas thoroughly because of its low melting point of 658°C. 

For constructional purposes, one of the aluminium alloys (where a 
wide range with different properties is available) is chosen. Drawn 
and cast aluminium are used for making vacuum chambers, base 
plates, cover plates, and flanges, where lightness is an advantage but 
where the ultimate pressure exceeds 10"® torr. The availability of 
tube and sheet which is readily worked and shaped, light, and of good 
thermal conductivity frequently leads to the choice of aluminium for 
making the nozzle systems of oil vapour pumps, but it is attacked 
vigorously by mercury. 

Aluminium is easily evaporated by heating in vacuo and is widely 
employed for vacuum coating (p. 262) glass, plastics, and metals for 
mirror making. Aluminized, optical, front-surface mirrors have an 
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o\-enill tthitC'light reflectivity of 88% for normal inndcnce. and also 

high rellecuvity m the uIlra*\iolcl region (80% at 2,500 A) 

Permeation of gas through aluminium is small ev-en v.hen it is in 
the form of thm foil , sn ith the additional ads'antage of its low atomic 
number, this leads to the use of aluminium s^mdos^'S tos'acuum>cssel 
for passage of X-ra>s and high energy electrons 

A thm film of o^ide (AljOj) forms on a fresh surface of aluminium 
as soon as it is exposed to the atmosphere and increases in thickness 
for scs-eral days The tliickncss of this oxide film can be increased by 
anodizing (p 212) Jt gnes protection of an aluminized mirror, and 
also makes soldering difficult Sputtering occurs at a sery low rate 
because of this oxide film - an adx-antage tn using aluminium elec- 
trodes m a gaseous discharge 

Aluminium x\irc has been used considcrabl) for making seals be- 
tween machined (surface finish 20 mictoinch r n4 or better) stain 
less steel flanges in ultra high s'acuum s)'stem$. Super-punty (99'99%) 
0-036 inch diameter aluminium wire is used with the ends butt 
welded m a small gas flame, using aluminium welding flux to form an 
endless ring gaskcL The gasket is first annealed in an o\tn at 500'C 
cleaned, and then compressed to less than 0-013 inch between the 
flanges concerned by bolting them together using for example, eight 

inch bolts on a P CD or4J inch in J inch thick flanges. On baking 
under sacuum to 400 C and abosx. the aluminium partly flows 
plastically and adheres to the flanges {set Holden, Holland and 
Laurenson (96]) The use of Schnorr washers (sec p 175) is recom 
mended on the bolts used 

Aluminium ’cooking' foil is cheap and useful as a heal reflector 
temporary clectncal shield, and estn for making racuum tight seals 
between mating steel edges. 

Anodizing The resistance of a mclalhc surface to abrasion can be 
increased greatly by the technique of anodizing The method isusuallv 
applied to aluminium, xshich can be in the bulk form with a good 
surface fimsh, or as a vacuum coated fdm on a substrate A suitable 
electrolyte is 3% tartanc acid m distilled water, with ammonium 
hydroxide added to p>c a pH of 5 5 The alumtmuro is made the 
anode in the clcclrolylc, with an adjacent parallel sheet of 99-99% 
aluminium os the cathode The electrical supply is at about 200 soil 
d c. with a current density of about 2 amp per sq fool. The oxide film 
grow s to a maximum thickness m about 2 min, and increases linearly 
with voltage aboxx 40 x olt At the mxximum, insulation proxidcd by 
the oxide forbids further thickness increase The mean rate of increase 
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of oxide film thickness over the voltage range, 0 to 200 volt, during 
anodizing is about 13 A per volt across the electrodes. 

Anodizing can also be used to form a tougli oxide film on tantalum, 
using an ammonium borate electrolyte {see Hass [111] and Holland 
[ 112 ]). 

Asbestos. The natural mineral fibres are hornblende (melting 
point: 1,150°C) and serpentine (melting point: 1,550°C). Such fibres 
are combined with binders to give commercially available asbestos in 
the form of sheet, string, paper, and wool. Density is 2-5 gram per cu 
cm approximately. Widely used for thermal lagging (thermal conduc- 
tivity: 3 to 6 X 10“^ cal per cm per sec per degC). 

For bake-out ovens, heat insulating platforms, etc., the commercial 
asbestos-cement (e.g. Transite) or asbestos-slate mixtures are harder 
and more robust. Marinite Ltd. manufacture an easily machined 
material available in sheets called ‘Marinite’, which is composed of 
asbestos fibre, diatomaceous earth, and an inorganic binder able to 
withstand continuously temperature up to 530°C. It is useful for oven 
construction. ‘Sindanyo’ is an asbestos-cement board material manu- 
factured by Turners Asbestos Cement Co., Ltd., which will withstand 
temperatures up to 350°C, and .considerably higher values if some 
loss of mechanical strength is allowed for. It is a harder, more robust 
material than Marinite, but not so easily machined. It is a useful 
material for providing an insulating bench-top. Typical applications 
of Marinite and Sindanyo are shown in Fig. 99. 

Bake-out Ovens. Two electrically-heated bake-out ovens for labora- 
tory vacuum systems are shown in Fig. 99: {a) is a pattern which is 
raised or lowered over the vacuum chamber by a counterbalance 
pulley arrangement; {b) is a unit construction type erected around the 
vacuum chamber and readily sectionalized. The heater in {d) is in the 
form of a coil of ‘Brightray’ wire wound inside the oven, the wire 
being spaced uniformly over the whole inside area of the oven so as to 
maintain as uniform a temperature as possible. Alternatively, as 
shown in Fig. 99(6), commercial radiant heater elements are installed 
within the oven. A current of 20 to 25 amp at 240 volt gives some 
5 kW of electric power, suitable for raising an oven of type (<z) and of 
dimensions 2x1x1 foot to about 650°C; where the normal highest 
bake-out temperature for stainless steel or borosilicate glass is 
450°C. The more efficient oven of type (6) containing aluminium 
reflector walls will attain a temperature of 400 to 450°C with a power 
supply of 1 kW per 1^ cu foot. 

The electrical supply to the oven is normally a.c., controlled by a 
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Variac transformer to be able to regulate the temperature obtained. 

Bennett [113} discusses the heating power requirements more fully. 

Gas heating is used in some industrial vacuum practice. The ring* 
shaped osens, on ^'acuum systems for mass-producing radio salves 
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Brass. A copper-zinc alloy which is easily machined and extensively 
used in constructing scientific apparatus. But it is best avoided, be- 
cause of gas permeability, in constructing vacuum chambers, con- 
necting tubes, valves etc., especially if cast, though drawn tubing is 
tolerable at pressures above 10 torr. When heated in vacuo, brass 
readily subhmes zinc, the vapour pressure of which is 10“^ torr at 
only 343°C, so brass terminals to heater elements in vacuo are depre- 
cated, copper being much superior. 

Tombac is a corrugated flexible tubing available in various dia- 
meters and contains 28% zinc. It withstands heating to 450°C in air 
and is suflSciently non-porous to be useful for flexible connections at 
pressures down to about 10“® torr. It is often used as tabulation to 
join the backing pump inlet to the vapour pump discharge outlet, 
but stainless steel corrugated flexible tubing is much superior. 

Bronze. A copper-tin alloy. Castings are less porous than brass and 
have been used in fabricating rather complex vacuum chambers and 
sections of chambers, e.g. for ultra-violet vacuum spectrographs. It 
is, however, prone to air leaks, which can be avoided in some circum- 
stances by heavily painting the surface, or coating it with a lacquer or 
W-wax. 

Carbon. There are many forms of carbon, depending on the produc- 
tion process. Blocks of carbon are made from carbon powder by 
heating it to temperatures up to 3,000°C under pressure, and the 
mechanical properties obtained depend on the size and form of the 
powder particles used and the heating and sintering process. 

Crystalline forms of carbon are graphite and, in perfect geometrical 
form, diamond. The density of graphite is 2-22 gram per cu cm and of 
diamond 3*51 gram per cu cm. The melting point of graphite is about 
3,700°C. Resistivities at 20°C are 4to7x 10“® ohm cm for gas carbon, 
3 X 1 0 “ ® ohm cm for graphi te, and 10^® ohm cm for diamond. Another 
form of carbon is charcoal, prepared by heating alder wood, horn- 
beam, or coconut shell at 500 to 700°C in an iron container, so that it 
is destructively distilled until vapour evolution is insignificant. 

It is difficult to degas carbon by heating in vacuo. The minimum 
temperature for removal of most of the sorbed gas is 1,800°C. Gases 
evolved are hydrogen, carbon monoxide, and a small amount of 
nitrogen. It absorbs oxygen on subsequent exposure to air. 

Vapour pressure is 10 " ® torr at 1,980°C, rising to 1 torr at 2,870°C. 

Some applications in vacuum technology are: 

(i) in the form of graphite (free of COa and with a maximum of 

8 + 
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0 5% inorganic impurities) electrodes for vacuum tubes, chiefly as 
anode of small transmitting valve where large heal dissipation j$ 
necessary and good heat conductivity and radiation areanadvantage, 

(/;) as a conducting coating on the msidc of glass wall of vacuum 
tube (c g cathode ray tube), applied initially in the form of ‘Aqua- 
dag’, 

(///) ns a gas sorbent 

Aquadag is a colloidal suspension of graphic m water or oil This 
IS applied to the glass (usually by means of a suitable brush) to form a 
black conducting film It is then bak^l on to the glass at 450'’C For 
coaling metal it is best sprayed on from a gun and vacuum baked at 
900’C, greatest adhesion is obtained by coating onto a metal which 
has the same cocfficieni of ihcrmal expansion. The addition of 3 to 
4% by volume of sodium silicate to Aquadag improves its adhesion to 
glass Typical applications arc as electrical screening on the inside or 
outside walls of a tube, for making contact to metal coatings, to 
reduce secondary and photoelectric emission from electrodes and as 
a coaling on cooling fins (eg attached to thermionic valve gnd 
supports) It absorbs caesium strongly Also used to improve the 
electrical conductivity of paper, asbestos and rubber by impregna 
tiOQ technique 

Carbon shaped into the form of a suitable jig or support is useful 
for glass blowing and air brazing For example, uniform heating in 
the makvng of glass to*mtta) seals can be athvesed by etccung the 
parts within a suitable carbon jig and induction heating the carbon 
in air by a surrounding coil carrying radio-frequency current 

As described m section 1 15, activated charcoal m granular form is 
a useful gas sorbent, especially at - 183’C (liquid oxygen) or - 196*C 
(liquid mtrogen), which has been applied to the construction of sorp- 
tion pumps but IS at present giving way to Uic use of molecular sieve 
rnatenals These sorption charactensties arc fully described by 
Dushman (1 14) Table 5 I pves typical figures 


TADLFSl 
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Cements, Adhesives, and Waxes. Included are details of several 
materials for sealing together flanges, cones, and other members, to 
make a semi-permanent or permanent joint or for covering a small 
hole or crack in a vacuum chamber. The use of one or other material 
depends primarily on the temperature it will have to withstand and 
the degree of permanency required. 

Apiezon Q compound is a plasticine-like substance consisting of 
graphite mixed with the low vapour pressure residues of parafiin oil 
distillation products. It is a semi-solid material, which can be readily 
pressed with the fingers round a joint in glass or metal to render it 
free of leak. The vapour pressure is 10"* torr at 20°C; it becomes too 
soft for use at temperatures above 30°C. Normally only used for 
making a temporary seal until such time as a permanent joint is 
effected, or in crude leak-detection practice. 

An alternative is silicone-putty. 

Apiezon W-wax is a hydrocarbon-based, hard, black substance 
supplied in sticks, with a vapour pressure below 10"® torr at 20°C 
and 10"® torr at 180°C. Softening point is 60 to 70°C. It is useful for 
making semi-demountable joints in glass or metal where fusing, 
soldering, or welding is not possible. It is applied to the precleaned 
surfaces to be joined at about 100°C. The surface must be heated as 
well as the wax if a satisfactory leak-free joint is to be made not liable 
to develop cracks. Over-heating of the wax will cause bubbling and 
charring. In making the joint, the surfaces should be moved over one 
another, if possible, to expel air. W-wax is soluble in xylene. 

Apiezon W4Q and ITIOO waxes have softening points at 30°C and 
50°C respectively and vapour pressures similar to W-wax. They pro- 
vide a less robust joint than W-wax, but are useful when the joint 
cannot be heated much. 

Picein is hard black wax based on bitumen and has a vapour pres- 
sure of 10~® torr at 20°C and about 5 torr at 50°C. Softening point is 
50°C. Used similarly to W-wax but has higher vapour pressure at 
elevated temperatures. Chemically inert to usual organic liquids and 
inorganic acids. 

Edwards waxes WES and WE6 are shellac-based, brown waxes 
which, unlike W-wax and Picein, are soluble in alcohol but fairly in- 
soluble in aromatic hydrocarbons like benzene and toluene. Softening 
point of WE3 is 80°C and of WE6 it is 90°C. Used like W-waxes. 

Kliotinsky cement is a mixture of shellac and pitch obtained from 
Caroline tar which softens at 50°C. Comparatively insoluble in usual 
organic liquids and common acids. Useful for joints at temperatures 
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below 40®C, but has vapour pressure of JO*’ torr at 20’C 
Gl)ptal :s a Mscous, condensation resm which resists the action of 
water, acids, and alkalis Applied like a paint or varnish at room tem 
perature, it dries to a hard glossy film in 8 hour at 20’C. Used for 
painting onto regions of porosity in walls of vacuum s)'stera or vessel 
Sealins »‘err is soluble in alcohol and is convenient in solution for 
painting onto a leaky region as an alternative to glyptal 
Pol) esurandepox) r«wis arc obtainable in liquid form of viscosity 
low enough to permit application bj a brush Preferred to glyptal as 
outgassing rate is lower (Dailey [IIS}) 

Silicone I arnlsh DC 997 can be applied by brush or other means to 
seal a small leak It will withstand subsequent baking to 300’C, un- 
like glyptal and the resms so is very useful for sealing a region of 
small leakage rate in the wall of a vacuum chamber or system which 
has to be baked, as in obtaining ultra high vacua 
Sill cr chloride applied at 450 C is a useful sealing cement which will 
withstand high temperatures Soluble in sodium thiosulphate Can be 
used for scaling small Hat windows onto glass vessels and for scaling 
metal leads into discharge tubes Slow cooling is essential to prevent 
cracking 

Araldne (Ciba (A R L ) Ltd ) is an epovy resm adhesive of high 
strength, low outgassing rate, and low shnnkage during set 
Thermo-setting Anldite 1 is available as sticks or powder either 
Iight-brown or silver It is most useful for joints between well fitting 
surfaces, but may also be set in a small well between, for example, a 
lead In and a surrounding ring The surfaces to be joined may be of 
glass, metal, ceramic, quartz, or mica, thorough prccicaning is 
necessary 

Tousc Araldite 1 powder, it is sprinkled ovcrtheclcansurfaccsand 
they arc then bonded by the application of heat alone, without pres- 
sure Suggested curing temperatures and times arc 240’C for 10 mm. 
220*C for 20 min, 190’C for 60 mm. or 180’C for 120 mm If stick 
form Araldite is used, the surfaces to be joined must first be heated to 
120®C, the stick rubbed on, and a curing operation then employed as 
for the powder 

Seals made with thermo-setting Araldite can withstand tempera- 
tures up to 150 C under vacuum, hut prolonged use above this 
temperature causes gradual decomposition of the Araldite 
An cthoxylcnc resm Araldite lOl wuh hardener 151 sets at room 
temperature and has a low softening point, so that above 60°C the 
joml can be dismantled 
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Bailey [115] strongly recommends for vacuum work the Ciba 
epoxy resin AY 111 as a cold-curing two-part adhesive, which has a 
short pot life of only 30 min, but is capable of making strong vacuum 
joints without heating during application being necessary. 

The chief material evolved from Araldite 1 in vacuum is water 
vapour, as shown by mass spectrometer study (Turnbull, Barton, and 
Riviere [116]). 

Ceramics. Inorganic non-metallic compounds of a crystalline 
nature, such as pure oxides, mixed oxides, silicates, aluminates, 
titanates, borides, carbides, and others, are fired so as to produce 
ceramics. These are essentially crystalline aggregates, but where the 
crystal forms usually undergo considerable changes from the initial 
states during firing, and also an amorphous or ‘ glass ’ phase is present, 
the extent of which has a considerable influence on the ceramic pro- 
duced. Cermets are formed by compounding metal powders with the 
ceramic batch to give an electrically-conducting material, with en- 
hanced oxidation resistance compared with the refractory metal. 
Glass-ceramics such as Pyroceram are essentially special glasses 
which are converted into ceramics by adding nucleating crystal- 
forming agents to the glass batch before firing. 

Only the ceramics frequently encountered in vacuum laboratory 
techniques are briefly described below. The field demands much 
wider study in its application to the design of special electron tubes, 
vacuum furnaces, and space missiles. Kohl [117] gives comprehensive 
accounts. 

Aluminium oxide or alumina (AI 2 O 3 ) is the most widely used ceramic 
in vacuum techniques. The pure crystalline form of aluminium 
oxide is sapphire. Alumina is available in five main grades with 
the percentages of AI2O3 denoted: alumina A (99% AI2O3); 
alumina B (97%); alumina C (96%); alumina D (94%); alumina E 
(85%). 

Alumina has good mechanical strength, is impermeable to gases, 
and is unaffected at temperatures up to 1,700°C by air, water vapour, 
vacuum, or permanent gases. Sintered alumina (99-8% AI 2 O 3 ) has a 
fusion temperature of 2,030°C, a thermal conductivity of 0-069 cal 
per cm per sec per degC, which decreases to 0-014 at 1,000°C, and 
good resistance to thermal stress. 

Ceramic envelope vacuum tubes, such as high power triodes, pulse 
triodes, short-wave thermionic tubes, klystrons, magnetrons, recti- 
fiers, and travelling-wave tubes, most commonly have this envelope 
made of high purity alumina (>85% AI 2 O 3 ). 
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Alumina metal high vacuum lead ins and terminals arc particu 
larly useful for large currents The alumina and the metal scaled 
together should has c the same thermal expansion eocfiicient, so Kilo 
Kor Kovar IS often used as the metal component However, it is not 
possible to obtain thermal matching over the range of temperatures 
from 0 to SfO'C encountered m use and bal.c out, so the seal i$ dc 
signed to ensure that the ccnmic is under compression, as tension 
would lead too readily to fracture 

Alumina electrode spacers for electron tube assembly provide ngtd 
support with excellent electrical insulation, idcall/deanand readily 
degassed Lathe working and drilling are difticult because of the hard 
brittle nature of alumina, grinding and polishing are accomplished, 
however, and mouldings m a variety of shapes are eommcraally 
available 

The insulation bctvi.ccn the heater wire (often of molybdenum- 
tungsten alloy) and (he surrounding cathode of an indirectly heated 
oxide-coated cathode is frequently in the form of alumina rod con 
taimng suitable bore holes in which the heater wire is threaded, 
aUemativcly, alumina powder m colloidal suspension in amyl acetate 
is sprayed onto (he heaterwirefromagun and subsequently dried inair 

BeryWia (CcO) is similar to alumina iii its rtsisiancc to gases and 
vacuum on heating to 1,700*C bulitvoIatizesquicUy in the presence 
of water vapour because beryllium hydroxide is formed Its thermal 
conduciiv ity is 0 5 cal per cm per sec per degC at 100‘C, decreasing to 
0-046 at 1,000*C for 99 S% DcO, considerably greater than for 
alumina Tins higher thermal conductivity leads to the use ofbcryllia 
instead of alumina m electron tube structures such as supports for the 
helices of travelling wave tubes and microwave windows for high 
pow er kly strons, w here design for high heal dissipation is important 
Grinding and firing of beryllium oxide produces a toxic dust or 
vapour which is dangerous 

Magnesia (MgO) has poor thermal stress resistance, mechanical 
strength and reacts in contact with metals at elevated icmperatures 
It has been used as a sprayed-on insulating coating for heater wires in 
indirectly heated cathodes but, m general, is not recommended for 
use in v-acuum It has a thermal conduclnity of OOS2 cal per cm per 
sec per degC at lOO'C, decreasing to 0 016 at l.OOft’C 

Zircon IS a combination of zirconium oxide (ZrOa) and silica (SiOi) 
with good heat shock resistance, and has been used considerably for 
making vacuum furnace trays Its thermal conductivity is 0009 cal 
per cm per see per degC at 100 C 
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Steatite in the form of ‘block talc’ or ‘soap-stone’, a natural 
steatite, has the considerable advantage that it is easily machined, 
which is not possible with the other oxide ceramics described above. 
After machining, it must be fired to hardness in air before use, when 
shrinking will take place. Though an infrequent present-day choice as 
a ceramic, it is often useful in the laboratory because of the ease with 
which it can be made into required shapes on the lathe or milling 
machine. Steatite, as a compound of magnesium oxide (MgO) and 
silica (SiOg), is also manufactured, particularly as an insulating 
material with low dielectric loss at high frequency. Steatite in the 
form of Alsimag 228 has a thermal conductivity of 0-006 cal per cm 
per sec per degC at 20°C. Enrichment with magnesium compounds 
in manufacture gives the ceramic Forsterite (2MgO . Si02), having far 
superior electrical properties at microwave frequencies and with a 
thermal expansion coefficient sufficiently linear over a wide tempera- 
ture range to enable sealing to titanium and to nickel-chromium-iron 
alloys. 

Boron nitride (BN) is an alternative to natural steatite in that it can 
be readily machined and with the advantage that subsequent firing is 
not needed. 

MuIIite (also Sillimanite) is a mixture of alumina and silica 
( 3 Al 203 . 2 Si 02 ) which has inferior properties mechanically and 
electrically to the oxide ceramics described. An advantage in vacuum 
practice is that Mullite can be sealed to certain hard glasses. 

Ceramic-to-metal sealing has been undertaken by a variety of 
techniques in making electron tube envelopes, electric lead-ins, and 
terminals for vacuum chambers. A comprehensive account is given by 
Kohl [117]. Two techniques reasonably easily undertaken in the 
average laboratory are, first, to apply a metallizing coating of plati- 
num to the ceramic by painting on a platinum metallizing prepara- 
tion (see p. 252) with a camel-hair brush, firing to 650 to SOO^C and 
then soldering the metal to the platinum film, and, second, to use the 
Bondley technique. 

The Bondley [118] method is a zirconium hydride (ZrH 4 ) process 
in which the scrupulously cleaned ceramic is coated with a thin layer 
of paste made from powdered zirconium hydride in water or a nitro- 
cellulose binder. A ring or other suitable shape of silver-copper 
eutectic solder or pure silver is placed in contact with this layer and 
sandwiched between it and the fitting metal part. The assembly is 
eated to 1,050°C in a vacuum stove at a pressure below 10"^ torr. 
he zirconium hydride disintegrates before the solder melts, the 
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hjdrogcn evolved is puraped awvy and ihe zirconium left bonds 

stronsb to the ceramic and alloys with the silver soldered to the 

metal 

A uscrul ceramic metal seal which can be made by the zirconium 
h>dridc process is alumina (98*i AljOjI to Nilo k copper or 
n eke! For the many other possibilities see kohl [IITJ 
Copper Excellent thermal and electrical conductiv ity (thermal con 
ducliviiy 0 144calpcr cmpcf seeper degCat 18X elcctncal rtsn 
tivity 1 78 X 10 * ohm cm at 18 C) and a melting point of I 083 C 
lead to use of copper for construction of nozzle S)‘$tems of oil vapour 
pumps cooling coils and cooling fms spcciahrcd s-acuum tube dee 
trodes and as the gas permeability is small for constructing vacuum 
chamb-rs Amalgamates with mercury 
Housekeeper (119] seats betw-een copper and glass arc made in tubes 
up to 4 inch diameter the end of the copper tube being bevelled to a 
ftalher edge to take adv'aniagc of the ductjbility of copper m avoid 
mg undue stress on the glass when heating 
A nickel iron alloy wire thinly coated mth copper can be readily 
staled intomostghssca to give a vacuum light lead in wire The wire 
IS usually treated with a thin layrr of borax flm to facilitate sealing to 
Ihe glass known as red platinum wares because of their ability like 
platinum to seal to glass these wires arc used as pinch wires in lamp 
bulbs and also for radio receiver valves of a now largely obsolete type 
Safccurrenlsforcoppcrarc270amppersqemforl2$w g vvareof 
diameter 2 64 ram 430 amp per sq cm for 22 s w c ware of diameter 
0 711 mm and 500 amp per sq cm for smaller diamcien 
Copper vacuum chambers arc largely impermeable to ps and are 
convemcni for large scale work though mild steel is more usual as it 
is less expensive and stainless steel is preferred for ultra high vacua. 
Tinning or nickel plating the copper surface where plating is cspect 
all) good practice for the surface exposed to the vacuum is recom 
mended because pure copper corrodes and oxidizes readily in the 
atmosphere 

To remove the heavy oxide from copper it is dipped m warm m 
hibUcd 75% hydrochloric acid the inhibitor being Rodme No 50 m 
0 25% by volume It is subsequently rinsed m water and dned 
Oxygen free high conductivity (O F H C) copper is preferred for 
use in racuo especially for electrodes scaling wires tubes and ps 
kets because ordinary electrolytic copper contains oxide inclusions 
which lead to the formation of water vapour causing small cracks 
porosity and bntlicness when copper is hydrocen sioved 



Miscellaneous Materials, Devices, and Processes 223 

Copper is readily soft-soldered and brazing is best with silver- 
copper eutectic alloy. 

O.F.H.C. copper gasket seals between mating flanges, usually of 
stainless steel, are generally of diamond cross-section (Turnbull, 
Barton and Riviere [116]) or in the form of flat washers between 60° 
knife-edges on the flanges themselves. Compression to about 85% of 
the original apex-to-apex thickness by means of stainless steel flange 
bolts is recommended for the diamond-section copper gasket. The 
linear expansion coefficient of copper (16-7 x 10“® per degC at 20°C) 
is conveniently near that of stainless steel, so the copper gasket seal 
can be heated to 450°C and cooled without the flange bolts becoming 
slack. For a permanent copper gasket seal, it is recommended by 
Turnbull et al. to insert the diamond-section gasket ring in a square- 
section annular channel of depth equal to 85% of the apex-to-apex 
gasket thickness in one flange, and then bolt down the other flat 
flange to give the recommended compression when it mates with the 
outer flat surface of the channeled flange. Eight ^ B.S.F. clamping 
bolts of stainless steel on a pitch-circle diameter of 3 inch are recom- 
mended in the flanges with a diamond-section copper gasket apex-to- 
apex thickness of f inch. 

Degassing. To attain a pressure in a chamber below 10"'’’ torr, it is, 
in general, essential to bake the chamber to degas its walls, even if 
the chamber is continuously pumped. For vessels which are subse- 
quently to be sealed-off from the pump and also where, whilst 
pumping, pressures of 10"® torr and below are to be maintained, this 
bake-out to degas the chamber has also to be accompanied by rigor- 
ous degassing of materials and assemblies within the chamber. Such 
degassing of interior parts will, of course, occur during bake-out. 
However, degassing is more rapid and more effective the higher the 
temperature, so metal parts are best degassed before assembly. 

Glass vessels undergoing pumping are usually baked at tempera- 
tures not exceeding 350°C for soda-lime and lead glasses, and 450°C 
for borosilicate glasses such as Pyrex and Hysil. Stainless steel 
chambers, frequently employed in ultra-high vacuum technology, 
can be baked to 450°C. 

Thermal tapes and electric heating mantles are convenient for 
baking selected parts of a vacuum system. 

Metal and graphite electrodes and other parts can be degassed by 
heating in vacuo to temperatures not exceeding those listed in Table 
5.2. 

A vacuum stove suitable for degassing metal and carbon parts 

8 * 




(Fig. 100) is constructed t\ith a silica or ceramic cylindrical chamber 
and is pumped to a pressure of 10"* torr or below by an oil diffusion 
pump. This pump needs to be adequately baflled to minimize oil 
back-streaming into the vacuum stow; in cases where stringent 
avoidance of such back-streaming is essential, a liquid-nitrogcn- 
chiUed cold trap between the oil diffusion pump inlet and the cylindri- 
cal chamber is desirable. 

Some metals, in particular, molybdenum, platinum, nickel, and 
iron, may be heated in a hydrogen atmosphere to clean them rather 
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than in a vacuum stove. If required, hydrogen-stoving can be followed 
by vacuum-stoving, but hydrogen sorbed is re-evolved in the bake- 
out at 450°C on the final vacuum system. 

Instead of using electrical resistance heating, an induction-heated 
vacuum stove may be used in which, around the pumped glass or 
silica tube, is placed an induction coil (eddy-current heater coil) 
carrying radio-frequency current. The metal parts within the evacua- 
ted tube inside the surrounding coil are then heated by eddy-currents 
induced in them (see p. 244). 

Degreasing agents. To ensure that the surface of a metal is free of 
grease, the procedure adopted is rinse in acetone, rinse in three 
changes of trichlorethylene, then in two changes of methyl alcohol, 
and dry in a blast of warm air or in an oven at 70 to 1 10°C. Alterna- 
tively, an excellent method is to degrease metal in an isopropyl 
alcohol vapour degreaser, as used for cleaning glass optical com- 
ponents. Holland (private communication) reports that a high co- 
efficient of friction of aluminium wire on stainless steel is a good 
guide to surface cleanliness before baking. 

Drying Agents. Of the drying agents listed in Table 5.3, the ones 


TABLE 5.3 
Drying agents 


Drying agent 

Mass in mg of water remaining per 
litre of gas at 25°C after drying 

Charcoal trap at — 196°C 

1-6x10-^’^ 

Phosphorus pentoxide 

5x10-® 

Magnesium chlorate (anhydrous) 

1-6 to 2-4x10-® 

Calcium oxide 

3 to 4x10-® 

Silica gel 

2x10-® to 10-® 

Caustic potash (sticks) 

10-® to 1-7x10-® 

Zinc chloride (sticks) 

0-94 to 1-02 

Calcium chloride (anhydrous) 

1-23 to 1-27 

Calcium chloride (granular) 

1-4 to 1-6 

Copper sulphate (anhydrous) 

2-7 to 2-9 


See Bower [120] for further information. 


most used in vacuum technique are phosphorus pentoxide, to assist 
in reducing the partial pressure of water vapour inside the evacuated 
system (section 3.5), and silica-gel, to dry the air admitted to a 
vacuum system when bringing it up to atmospheric pressure. Water 
vapour in admitted air will become sorbed on the inside walls of a 
vacuum chamber and so prolong the subsequent pump-down time to 
the ultimate pressure required. In ultra-high vacuum technology, the 
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admission of dry air is especially adsantageous; indeed, \^hcn using 
cold-caJhode getter ion pumps, much lime is saved m ultra high 
sacuum pumping schedules if dry nitrogen Is admitted Silica gel. 
v.hich can be replenished by baVing in air, unlike phosphorous pen* 
toxide, IS used, in a container in the air or nitrogen admittance line 
Elastomers. See Rubbers, p 252- 

Elcclroljtlc Oeanlng and Polishing. Seseral metals can be cleaned 
clcctrol>tically by arranging the metal part to be ihe anode in an 
clectrol) tic cell and dcplatmg it by transferring metal from its surface 
to a suitable cathode During this process, some etching takes place, 
so the method is not recommended for thin tungsten and moI)b* 
denum filaments and ribbons intended for subsequent use in racuo as 
thermionic emitters The surface also becomes clcctropolished, 
especially xMlh metals such as copper, brau, and stainless steel, be- 
cause prominences and points on the surface arc preferentially 
remoNcd in the depbiing 

Any metal part to be cleaned or polished clcctroljucally is first 
degreased 

To dean tungsten or molybdenum dcctrolytically. a suitable elec- 
trolyle is 20% potassium hydroxide (KOH) solution, with the tung 
sten or molybdenum as the anode and a carbon cathode Filaments of 
these metals are cleaned in about 30sec using a 7 5 volt 200>vaitd e 
supply As the cathode is carbon, ac conveniently supplied by a 
transformer, can be used instead of d c 
To clean nickel, the electrolyte used consists of 308 ml of water, 
172 ml of sulphuric acid, and 546 ml of phosphoric acid, with the 
nickel as anode and a carbon cathode The current density is adjusted 
until the nickel anode gases but caution is essential because the solu 
tion dissohes nickel 

Elcclropoltshmg is now an accepted technique for the mlenoc sur- 
face treatment of copper and stainless steel chambers and components 
to be used in ultra high vacuum sy'Slcms It gives a bright, smooth, 
clean finish much preferred to that obtained by mechanical buffing or 
polishing which is likely to introduce undesirable inclusions of fine 
polishing powder wnhm surface crcvicts Copper components arc 
best nickel or chromium plated if to be used in ultra high vacuum 
After degreasing and often preliminary mechanical polishing of the 
metal surface, suitable eicctropotishmg procedures are the following 
For copper, brass, nickel, and steel, an clcctroly te consisting of 25 
to 60% concentrations of orthophosphonc acid in water is used at 
room temperature 
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Physical data for some gases 
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With (he copper or brass part as (he anode and a suitable cathode 
(carbon or nickel), a current density of 3 5 amp per sq Inch Viiih a d c 
supply of 2 soil IS Bcnerally used, elcclropolishmg being complete in 
about 1 0 min Several attemamc eIcctrol> tes has c been proposed and 
some are the subject of patents An example is 59% concentrated 
phosphoric acid, 4% conccnltatcd sulphuric acid, I 5% chromic 
acid, and 35 5% water 

For stainless steel, electrolytes which have been used are (a) 60% 
phosphoric acid, 20% sulphuric acid, and 20% water, with a current 
density of 5 amp per sq inch at 60*C, {b) 1 5% phosphoric acid, 60% 
sulphuric acid, 10% chromic acid, and 15% water* with a current 
density of 4 amp per sq inch at SO'C 
Clcctropolishmg of stainless steel is easily carried out if the parts 
arc of simple geometry, but special electrode configurations arc 
needed to electropolish the interior of a stainless steel tube, and the 
technique then demands considerable experience to be successful 
The cleaning and polishing are normally complete m about 30 min 
After eleciroljlic cleaning or polishing the metal part must be 
nosed in hot water, then in cold distilled water, and finally dned m 
warm air 


TADLCS4 


y flpeur pmnm of tome cam at raiioos impentsm* 


Cat 

Temperalufe In *A far rapour pressure glren l/t toer 

to •* 

10 * 

10 ' 

1 

Ammonia 

741 

90^6 

116-5 

163 

Argon 

2t3 

26 8 

35 9 

544 

Carbon monoxide 

215 

26 7 


— 

Carbon dioxide 

62 2 

761 

98 1 

1375 

Helium 

— 




1-0 

Hydrogen 

2 88 

3 71 

5 33 

9 55 

Methane 

25 3 

32 0 

43 5 

67 3 

Neon 

579 

7 34 

toos 

158 

Nitrogen 

190 

237 

31-4 

47 0 

Oxygen 

228 

282 

36 7 

541 

Water \apour 

tl85 

1445 

185 

256 

Xenon 

40-5 

508 

68 1 

103 5 


* Tor further mformstion »e« Itonlf anJ liock (121] 

The partial pressures in torr of gates In the almosphere at s t p at sea tewt 
are approximately nitrogen, 590, oxygen, 160, argon. 7-05, water vapour, 5 to 
30, carbon dioxide, I 3 to 3x10”*, neon, 136x10 ■, helium, 4x10**, 
kr^^lon, 8-4xt6**, hydrogen 38x10**, xenon, frlxlO *, oione, 1 52x 
10 *, radon 53x10 (See Smlthsonla/i Physical Tab!fs, 1954) 
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Gases. Included are vapours, where a vapour is defined as a gas at 
a temperature below its critical temperature. A vapour can thus be 
condensed to the liquid or solid state by the increase of pressure 
above. 

One mole of an ideal gas at s.t.p. (0°C and 760 torr) occupies a 
volume of 22-415 litre. The number of molecules per litre at a pres- 
sure of I torr and a temperature of 0°C is therefore 3-54 x 10^®. 
Hence, the number of molecules per litre at a pressure of 10"" torr is 
3-54x10^®"". 

Gases permeate through solid materials. The gas is first adsorbed 
at and then dissolved in the external surface of the wall of an evacu- 
ated enclosure. It then diffuses through the material of the wall in 
accordance with Pick’s law to reach the interior wall, from which it is 
desorbed into the evacuated space (Norton [122]). The permeation 
process increases exponentially with temperature. Pick’s law states 
that the rate of diffusion is inversely proportional to the thickness of 
the material at constant pressure difference and temperature. 

Por non-metals and with metals for monatomic gases, the rate of 
permeation of gas is given by 

Q = (5.1) 

where Q is the permeation throughput in torr litre per sec, a is the 
cross-sectional area of a uniform slab of the material of thickness d, 
P 2 is the gas pressure on one side of this slab and pi that on the other, 
where P 2 >Pi- 

In the case of diatomic gases permeating through metals, dissocia- 
tion of the molecules into atoms usually takes place, and the equation 
that applies is not (5.1) but 

Q = ( 5 . 2 ) 

P, the permeation constant, depends on the gas and the metal, and 
is usually quoted in the unit torr litre per sec for a cross-sectional 
area of 1 sq cm, a wall thickness of 1 mm and a gas pressure difference 
of 10 torr or 760 torr. At room temperature, for materials used in the 
construction of vacuum systems, P is generally very small, so the 
time unit hour is often used instead of sec. However, P increases with 
the absolute temperature T approximately in accordance with 
exp(— I/T). Pig. 101 shows graphically the variation with tempera- 
ture of P in torr-litre per hour mm per sq cm, for a pressure 
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difference of 760 torr, for a number of combinations of gases and 
metals, and for helium, hydrogen, and air through silica {see 
Waldschmidt [123]; Espe [124]; Eschbach [125]). 

Norton [1221] gives the helium permeation rate through various 



(a) axially 
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Fig. 103. (a) A needle valve. (A) Gas-fiUing a vessel to pressures between 1 

and 500 torr. 


glasses at various temperatures (Fig. 102). Note the comparatively 
high rate through borosilicate glasses such as Pyrex. This is a limiting 
factor in the region of 10“^^ to 10“^® torr to the attainment of ultra- 
high vacua in a borosilicate-glass envelope on an ultra-high vacuum 
system where the available pumping speed is below 1 litre per sec, 
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because of the penncalion through the wall of heliuni in the atmos- 
phere, where it has normally a partial pressure of 4 x 10"’ torr 
Gas metering Methods It t$ often needed to meter a gas into a 
vacuum at a controlled small ratCt so os to fill the previously evacu- 
ated chamber to a measured pressure with a known gas. examples 
being m the manufacture of gas filled tubes such as ihyratrons, cold- 
cathodc trigger tubes, Geiger MQIIer counter tubes, and in the 
measurement of pumping speed Fig 103(a) shows a needle wUc 
suitable for this purpose, Tig 103(6) shows a s>‘stem incorporating 
such a vahe for gas filling a tcssel to pressures between I and 500 
torr The ultra high vacuum vaKcofihcbakcablc type (Fig 80) is a 
good choice for admitting gas to an ultra high vacuum system, the 



Fig IW Introducing gis Iftto a system (afirr Jossem) 


use of two such suites separated by s stainless steel or glass tube 
enables the pressure in a chamber, due to admission from a gas 
reservoir, to be raised from $3y,IO’'*to lO’^torr An arrangement 
based on the permeation of hydrogen through heated palladium at 
about 900'C (see Fig 101) due to Jossem [126] (Fig 104) can be 
modified for admitting other gases, by making use of the diffusion of 
oxygen through sih cr, nickel, or copper, of nitrogen through mol> b- 
denum, iron, or chromium, of carbon dioxide through iron or 
nickel, and of a clear fused silica lube for the admission of helium 
and other rare gases Joining the metal used to the glass bulb can be 
accomplished by an intermediate platinum lube which seals directly 
to glass and is sihcr soldered to the metal tube concerned, whereas, 
if silica IS used, a graded glass seal is necessary 
Getters and Gcttcrlng A getter is often included within a chamber 
which has been initially pumped to a low pressure by comTntional 
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means. The purpose of the getter is to sorb gas and retain it, so pro- 
viding a method of reducing the gas pressure still further. Moreover, 
a wide use of getters is within sealed-off evacuated electron, or other, 
tubes, to sorb and retain gases evolved by the walls and electrodes so 
preventing rise of pressure, and, indeed, to reduce the pressure below 
that attained during conventional pumping before seal-off. 

Three classes of getter are used. 

(a) Flash getters, which are chemically active, electropositive, vola- 
tile metals (barium, magnesium, calcium, aluminium), evaporated by 
heating in the residual gases within a chamber previously pumped by 
conventional means - usually a vapour and/or rotary pump. On 
heating the flash getter metal in vacuo, the volatilization causes 
dispersal gettering, in which gas is sorbed by chemical action with the 
vaporized metal; the metal and any chemical salts of it which are 
formed then become deposited in thin film form on adjacent cold 
surfaces (usually the chamber wall). This film may then sorb gas by 
contact gettering because some of the gas molecules incident upon it 
become attached to the film, and may diffuse into its interior; the 
molecules, depending on the nature of the gas, have a certain sticking 
coefficient to the metal film. 

(b) Bulk getters, which are filaments or ribbons of the getter metal, 
which are heated so that they sorb gas. 

(c) Coating getters, consisting of non-volatile metal powders, 
which are coated on the surface of an electrode or other part in a 
vacuum tube or on the inside wall of the metal envelope of a tube. 

The most widely used flash getter consists of a barium-aluminium 
alloy. A few mg of this alloy is packed by a specialized manufacturing 
process within a channel in a straight or ring-shaped iron or stainless 
steel tube (Fig. lOSa). Several sizes are available. These getters are 
used within electron tubes, in particular, thermionic valves and 
cathode ray tubes; Fig. 105(h) shows a ring-getter positioned within 
the top of a miniature radio valve. 

The getter is ‘fired’ after the processed and activated electron tube 
has been sealed-off from the pumps, or, in some cases, as the last 
stage in processing just before the final seal-ofF. The getter is heated 
by an induction-coil placed around the tube envelope (Fig. 105h), the 
ring-shape of the getter mount being particularly suitable as large 
eddy-currents are induced in it due to its coupling with the induction- 
heater coil. Alternatively, a straight-wire getter mounted between 
terminals may be fired by the passage of current directly through it. 
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The barium-alummium gelttrs are staWc al tcmpcraiurei up to 
600°C and can be exposed to air without signiricant deterioration, 
though this is undesirable oxer long periods. The firing temperature 




Hg 105. Dariiim^umlniuni alloy setters (Socicti Apparecchi Elettrici e 
Scienufici, Milan) 
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for effective dispersal in vacuo is 1,100°C. They getter effectively air 
oxygen, water vapour, hydrogen, carbon oxides, nitrogen (Table 5.6), 

TABLE 5.6 

Total sorption capacity of 1 mg of barium-alloy ring getter (della Porta [127]) 


Dry gas 

Quantity sorbed 
in torr-litre 

Air 

2-6x10-3 

Carbon monoxide 

3-7x10-3 

Carbon dioxide 

1-8x10-3 

Hydrogen 

13x10-3 

Nitrogen 

2-25x10-3 

Oxygen 

50x10-3 

Water vapour 

61x10-3 


and other gases except the noble inert gases, which are only ade- 
quately contact gettered if they are ionized. 

The firing of a barium-aluminium getter in an electron tube sealed 
off initially at a pressure of lO"** torr can reduce the pressure to 10 
torr. 

Amongst several other metals used or which have been used in the 
past for dispersal gettering, only titanium and zirconium are fre- 
quently employed, usually in getter-ion or getter pumps (section 1.14) 
where the metal (usually titanium) is dispersed either by evaporation 
or by sputtering. These two metals are also useful as bulk getters. 
Titanium, which has a melting point of 1,660°C, is initially degassed 
by heating in vacuo to about 1,300°C to drive off dissolved hydrogen. 
A filament or sheet or layer in powder form of degassed titanium 
heated to above 400'’C (operating temperature in the range 500 to 
hlOO^C) will sorb hydrogen rapidly, and at a slower rate will sorb 
the gases oxygen, nitrogen, carbon monoxide, and carbon dioxide. 

Titanium hydride powder has also been used as an effective getter 
in some types of thermionic vacuum tube witli metal envelopes: on 
heating on the pumps, the hydrogen is driven off and pumped away, 
and the titanium remaining is the active getter. 

Zirconium (melting point: 1,860°C) is a rather less efficient alterna- 
tive to titanium; it absorbs hydrogen to an extent of about 1,500 
times its own volume at s.t.p. when heated to 300 to 500°C but re- 
evolves it at 800°C or more. Though oxygen and water vapour are 
effectively sorbed also at 300 to 500°C, a temperature of 800°C is 
necessary for nitrogen, carbon dioxide, and carbon monoxide. 



236 UlRh Vaaaan Technique 

EfTecuvebulk gcttcnng b> means of zirconium is hcncc best achicsed 
by the use of two filaments, one at 400’C and other at 800’C 
An example of a coaling getter is Ceto, made by sintcnng a mixture 
of a powdered alloy called Ceral with thorium powder at 900’C In 
raevo Ceral is a mixture of Cermischmctal (80% cenum, 20% 
lanthanum) and aluminium with the chemical composition (Ce, 
La) AIj Tlic total getter composition is 20 7h, 5 Cc, 1 Ui, and 1 2 Al. 
in atoms (van Vucht [I28D The sintered bar of Ceto is ground to 
powder and made into a paste, with am>I acetate or nitrocellulose as 
a binder This paste is painted onto a suitable part or electrode (often 
the anode or the inside of a metal envelope) of an electron tube with 
a coaling ihtckncss of 1 5 to 25 mg per sq cm Activation of this getter 
IS undertaken al l.OOO’C, attained usually by induction heaung the 
part, and the Ceto then sorbs and retains gas m large quantities in 
the temperature range 200 to 700*C The capacity in torr*liirc of 
1 mg of Ceto at 20’C for vanous gases is 46x 10’® for hydrogen, 
21 X 10 ’ for oxjgen, 3x 10'* for nitrogen, and 2 x 10"* for carbon 
dioxide (thrke and Slack (129]) 

Glasses. A great variety of gbsses exists but onl> a few of them are 
generally encountered in vacuum work. 

The simplest glass is 60 to 75% silicon dioxide (SiOj), m the form 
of quartz sand, with S to 15% alkali oxide and 5 to 15% alkali>earth 
oxide The commonest acidic oxides used m making other glasses are 
silicon dioxide and bone oxide (BaOs) Basic oxides include* lime 
(CaO), potash (KjO). soda lime (NajO), magnesia (MgO), and 
oxides of banum. zinc, manganese, lead, aluminium, iron, arsenic, 
I lithium, tin, and zirconium 

Window glass, plate glass, and bottle glass arc mutures of silica, 
soda, and lime, to which alumina is sometimes added to improve the 
durability of the glass and diminish the nsk of dantnCcation dunng 
manufacture 

Glasses most oHcn encountered m vacuum technology arc soda- 
lime glass, borosiheate glass, lead glass, and special glasses for sealing 
to metals The constitutions of these glasses will depend somewhat on 
the manufacturer, but l>'pical cases are* 

Soda Imie 75%SiOa, I6%Na,0,7% CaO, 1% AlaO^; l%Sb 30 j 
77icborosllicateglass^P)rex 802%SiOa,3 9%NaiO,03%KaO, 
02% CaO. 12% BaOaJ 3% AIjO,. 03% ASaOa 
Lead glass 60% SiOj, 8% Na,0, 5% KjO, 26% PbO; 0-1% 
AlaOs;0 5% SbjOj 
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In making glass, the mixture of glass constituents is heated in a 
furnace to 1,400 to 1,500°C until it is free of bubbles, and is then 
poured into moulds or drawn into tubing or sheet glass. The subse- 
quent cooling of the glass must be carefully regulated; an annealing 
schedule being followed depending on the nature and mass of the 
glass. Such annealing must always be done after the glass has been in 
the molten state, e.g. after glass-blowing. The hard borosilicate 
glasses such as Pyrex and Hysil can be worked in an oxygen-gas flame 
(about 1,400“C) in the form of thin wall tubing without careful subse- 
quent annealing. Whereas the glass-blower usually works soda-lime 
glass in an air-gas flame (about 900°C), and subsequently cools it 
very carefully in a luminous gas flame without air, finally depositing 
a protective carbon deposit on the cooling glass from the coal-gas 
flame. If a complicated piece of glass apparatus, or pressed or moul- 
ded glass as in a valve base, is made then it must be annealed in an 
oven. Annealing schedules depend, firstly, on the hardness of the 
glass, which decides the high temperature given in Table 5.7, and. 


TABLE 5.7 

Annealing temperatures for glasses 


Glass 

High annealing 
temperature 
in^C 

Linear thermal 
expansion coefficient 
per degC 

Density 
gram per 
cu cm 

Soda-lime 

520 

85 to 90x10-'' 


Lead 

430 

86 to 94x10-'' 


Pyrex 

590 

33x10-'' 


Tungsten-sealing 

580 

40x10-'' 


Kovar-sealing 

480 

48x10-'' 


Molybdenum-sealing 

600 

45x10-'' 



secondly, on the thickness and complexity of the glass component 
made, which determines the rate of cooling. The component should 
be heated in an oven so that the whole of it is uniformly at the high 
temperature (Table 5.7) for a short time. It is then cooled through 
about 100°C at a rate not exceeding (20/d®) degC per min for soft 
glasses (soda-lime and lead), and (100/d®) degC per min for hard 
glasses (borosilicates), where d is the wall thickness in mm. The rate 
of cooling down to room temperature after this 100°C drop can then 
be rapid, as no strain is introduced at this stage. It is best to cool com- 
paratively slowly, however, as a complex shape may crack, even 
though no permanent strain is introduced. 
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If two glasses of different coefTiacnts of linear thermal expansion 
arc fused together, the joint will crack, on cooling A graded seal is 
essential to ensure a permanent seal with a number of intermediate 
glasses depending on the difference between the thermal expansion 
cocfhcicnts of the tw o outside glasses T using a borosilicate glass such 
as Pyrex or Hj-sil to a soda lime glass requires four intermediate 
glasses whose expansions increase progressiscly from that of Pjtcx 
(the smallest) to that of soda lime (the largest) Tlicsc coefncicnis of 
thermal expansion between directly joined glasses must be close 
together in \alue oxer a wide temperature range 
Glass to-meta! seals depend on the necessity that the fused metal 
must ‘wet’ the glass surface, and that the linear thermal cocfllcients 
of expansion are matched over the working range 
The strain m glass or in the glass of a glass to metal seal resulting 
from imperfect annealing is vividly demonstrated by a strain viewer 
A polarized light beam from a sheet of polaroid is passed through the 
glass component and viewed by an eje piece containing a Nicol 
prism or a second sheet of polaroid A quarter wave plate is also m 
serted in this optical sjttem near the eye piece Strain m the glass then 
gives a colour^ fringe effect in the field of view clearly showing up 
(he region of strain 

For making glass to<metal seals with the soft soda lime and lead 
glasses (linear thermal expansion eocfllcicnt 9x10 • per degC 
approximately at 20’C), the following metals may be used 

(0 platinura(expatisioncocnicienl 89x10 'atO’Cand 11 x 10 * 
at 800’C), 

(i/) Dumet alloy or ‘red platinum*, a 43% Ni, 57% Fc alloy 
sheathed with copper and usually berated, 

(///) feathered copper edges as in the Housekeeper joint, w here one 
end of a copper tube is flared out into a cone tapenng to a feather 
edge of 0001 to 0(W2 inch thickness (the flared end of the copper 
tube IS heated to form cuprous oxide w hich w cts the glass tube fitted 
and fused to it); 

(n) an alloy of 50% Ni, 50% Fe. which seals to lead glasses A E 1 
C12, G E C LI, and Jena 16 III, in wire diameters up to 5 mm, 

(r) an alloy or26% Cr, 74% Fe, which seals to Chance lead glass 
GWl and soda glass GW2, Coming G5, G6, and G8, and G E C 
L14, 

(i/) an alloy of 42% Ni, 52% Fe, and 6% Cr, which seals to A E I 
C12 and G E C lead glass Lt , 



Miscellaneous Materials, Devices, and Processes 239 

{vii) Femiclirome (37% Fe, 30% Ni, 25% Co, 8% Cr), which seals 
to Chance lead glass GW2 and Corning G5 and G8. 

With hard glasses such as Pyrex (linear thermal expansion co- 
efficient: 3-3 X 10“ ® per degC at 20°C) and Hysil, direct sealing to 
tungsten (4>5 x 10“® at O^C rising to 6 x 10“® at 100°C) and molyb- 
denum (5-5 X 10“® at 0°C) can be practised with wires up to 2 mm in 
diameter. However, it is preferable, especially for larger diameters, to 
use a tungsten-sealing borosilicate glass such as A.E.I. Cl 4, Chance 
GSl (Intasil), Coming 371 BN, G.E.C. Wl, or Jena 1646 III; or for 
molybdenum a molybdenum sealing glass such as A.E.I. Cl 4, 
Coming 704, Chance GS4, or Jena 1639 III. 

Much use is made in vacuum technology of Povar-to-glass seals. 
Kovar has the composition 53-7% Fe, 29% Ni, 17% Mo, and 0-3% 
Mn, and a melting point of 1,450°C. After annealing, its linear co- 
efficient of thermal expansion is 5-7 to 6-2x 10“® per degC in the 
range 30 to 500°C. Nilo K, Fernico 1, Darwin F, and Vacon are all 
glass-sealing alloys similar to Kovar, not identical in composition but 
the same as regards glass-sealing properties. 

Before sealing to glass, the Kovar should be degreased, rinsed in 
alcohol, dried, and heated to 900'’C in a hydrogen furnace to clean 
and anneal it. If the Kovar is to be soldered to a second metal (so 
acting as an intermediary between this metal and glass), it is best 
copper-plated where the soldered joint is to be made and pure silver 
or silver-copper eutectic used, with fusion preferably in an hydrogen 
furnace. Kovar should never be heated to above 1,100°C. 

Kovar is sealed to a special borosilicate glass such as Kodial, 
A.E.I. C40, or Chance GS3, having typically the composition: 67% 
SiO,; 3% Na^O; 4-6% K^O; 21% B^Og; 4% Al^Og; 0-4% SbgOg,- 
and a thermal expansion coefficient of 4-8 x 10“ ® per degC at 20°C. 
Such glasses can be sealed to the commoner borosilicate glasses by a 
graded glass seal. For example. Chance GS3 is sealed to Hysil or 
Pyrex via Chance GS4 and GSl (Intasil) as intermediaries. 

A metal can be soldered to glass (or porcelain or other ceramic) by 
metallizing the glass with platinum (p. 252) and soldering to the 
platinum. Better practice when joining a borosilicate-glass tube to a 
corresponding metal tube is first to fire-polish the end of the tube, 
coat it with silver oxide in a binder, and fire at 600 to 700°C to pro- 
duce a dry silver deposit (Martin [130]). This silver layer is then bur- 
nished and soldered to the metal tube, which fits over the glass and 
has a wall thickness not exceeding 0-1 mm to permit differential 
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expansion The flux used ts a moderately concentrated solution of 
tartaric acid in u'atcr to which is added one third of its volume of 
gljccnne This flux is spread on the work and soldering is undertaken 
with a soldering iron or by careful use of a gas air flame 
Porcelain w-ill seal directly to Pyrex glass on fusion m an oxygen* 
gas flame provaded lube diameters do not exceed 0 5 inch To seal 
silica or quartz to Pyrex glass, siUcr chloride fused at 450’C is 
cmplo)cd 

Ifa fused joint between metal and glass is not possible, a greased or 
waxed, ground cone or flange joint may be used Hard wax, such os 
W'wax, will readily effect a join between a glass tube inserted insidea 
metal tube of slightly greater diameter Arnidite may also be used 
pros ided the expansion coefflaents of the glass and metal ore not too 
dissimilar 

The Mscosily, thermal expansion, and electrical rcsistisily of glass 
are composition scnsiti\-c. but the mechanical strength and thermal 
conductisxty do not sar> greatly from glass to glass 

Aserage breaking stress 3 to 7 kg per sq mm 
Stress for 1% risk of breakage I to 2 kg per sq mm 
Specific heat 0 IS to 0 2 cat per gram per degC 
Thermal conducthity 17(o3xl0 • cal per cm per sec per degC 
Electrical resistivity 10’ to 10‘* ohm cm 

These figures arc quoted for normal temperatures Rise of tempera 
ture has hltle efTcct on tensile strength or specific heat, but the ther* 
mal and electrical conductmty both rise rapidly with temperature 
The Mscosily of glass vanes widely with temperature At the 
melting or founding temperature, the viscosity is between 1,300 and 
1,400 poise for soda hme glass, but this figure vanes widel) with glass 
composition At annealing temperatures ffab’e 5 7) which can be 
defined as at specific viscosities, values of 10” to 10” poise prevail 
Glass fluoresces under the action of ultraviolet, X radiation, 
electron and ion bombardment, the fluorescence being very marked 
in devitnficd glass, i c one m which small cr)-stals form if the cooling 
st^cfitfieiswrong sothe viscosity istoohigh at certain tcmpcrrturcs 
The transmission of visible light through glass vanes slightly with 
the type Generally speaking, ultra violet radiation at wavelengths 
below 3,000 A ts v irtually cut olfby a glass block I cm thick, though, 
in the case of some high silica optical glasses, the transmission at 
3 000 A may be as much as 50% 

To clean glass thoroughly, the usual practice is to soak it in a solu* 
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tion consisting of 35 nil of saturated potassium bichromate (KaCrgOY), 
or preferably chromium trioxide (CrOa), in 1 litre of concentrated 
sulphuric acid. The acid is poured slowly into the chromate or oxide 
solution, which is then used at 110°C. The chromate solution should 
be reddish in colour; if it becomes muddy or greenish, it is best dis- 
carded. Chromium trioxide is preferred because bichromate may 
result in alkaline salts remaining in crevices. The glass must be finally 
washed in distilled water (preferably warm) and dried in an oven or 
in a warm dust-free air stream. 

When glass is melted in vacuo at 1,400°C, water vapour, oxygen, 
and carbon dioxide are evolved. 

The quantity of gas desorbed from glass when it is heated in vacuo 
(e.g. during bake-out of a glass chamber undergoing pumping) is a 
function of the glass composition and the condition of storage since 
manufacture. Increase of alkali content increases the gas to be re- 
moved. Storage is best in a warm, dry place free of dust. Washing in 
soap and water alleviates the deleterious effects of storage but rarely 
eliminates it if a pattern is produced by weathering. 

Glass sorbs gases and vapours. Physical adsorption of gases inert 
to the glass surface is with small binding energies, so such gas is 
readily removed by bake-out. However, the presence of alkali ions in 
the glass means that chemisorption of active gases is considerable, 
giving significantly large binding energies. For example, hydrogen 
ions, H+, in the gas or vapour may replace sodium ions, Na+, in the 
surface of a soda-lime glass. The initial heat of chemisorption of 
water at a clean glass surface is lOkcal per gram-molecule or more, 
resulting in coverage of the surface by OH groups. As this coverage 
increases, chemisorption gives place to physical adsorption with a 
lower binding energy of about 6 kcal per gram-molecule. Clean glass 
retains a few monolayers of active gas with considerable binding 
energies: additional gas is considerably more weakly bound to the 
gas covered surface. Holland [131] gives a full account of gas sorption 
by glass. 

After glass has been cleaned chemically and dried, it is an advan- 
tage to bake it in air, because this drives off much gas and water 
vapour, so reducing considerably gas desorption on subsequent bake- 
out during pumping. 

Sherwood [132] showed that the gases chiefly evolved by glass are 
water vapour and carbon dioxide. He determined the total gas evolu- 
tion in cu mm at s.t.p. from a glass surface of area 350 sq cm (Table 
5.8). 
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TABLl S 8 

Frolotloa of eai from eUis NLrd In raciia 


Class Cu nwi at Mtp of gas rtoktd bf a glass surface 

of area 350 s^ cm at lemperalures In *C noted 



too* 

150* 

200* 

300 

400* 

500 

600* 

Soda lime 

0 


22 

S 

6 

M 

<0 

lead 

6 

10 

10 

7 

S 

12 

30 

Borosilicaic 

4 

1 

to 

20 

16 

12 

30 


Note that the gas evolution reaches a mxximum at ISO' for soda 
Iimc glass 175®C for lead glass, and 300 C for borosilicate glass, and 
then decreases, subsequently to nse to a stdl higher % aluc jn all cases 
as the softening point of the glass is reached or approached 

At the loner temperatures up to 200 to 300 C, the phy-sically 
adsorbed gas is esolsed, as the temperature is raised to the softening 
point, almost all the gas i$ w-aicr vapour arising from chemical 
decomposition of the glass 

Alpert (I331dctcrmmcd that the molecular gases from borosilicate 
glass (Pyrex) unbaked on an ultra high vacuum system, amount to 
10’* torrdiire per sec per sq cm. which decreased to 3 x 10 ** torr 
litre per sec per sq cm after long term bakc-oui at 450 C, the gas 
evolved then being almost entirely water vapour Further, due to 
helium permeation through the Pyres from the atmosphere (p 231), 
an influx of 10'** torr litre per sec per sq cm was measured, 3,000 
times that due to water vapour 

Aluminosilicate glasses have much lower permeability for helium 
than the borosilicate glasses such as Pyrex and Hysil, and hence have 
been used m constructing vacuum systems to attain pressures below 
10"'' torr They have also the advantage that bakc-out at 600'’C or 
more can be practised However, glass bfowing of aluminosilicate 
glasses IS difTicult and so is the manufacture ofsuitable metal to-glass 
seals For the latter purpose, molybdenum coated with chromium 
subsequently oxidized in wet hydrogen at J.IOO’C has been sealed to 
aluminosilicate glass 

Gold. The chief present use of gold is as an 0-nng metal gasket m 
bakeable ultra high vacuum systems (section 3 8) It has also been 
used to make a diffusion seal between copper and other metals, e g 
in the construction of cavity magnetrons The clean, accurately- 
machined, metal surfaces to be joined are cither gold plated or 
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separated by a thin gold foil (24 carat), pressed together and baked at 
a temperature well below the melting point of gold (1,063°C). 

Gold has a very low secondary electron emission coefficient. 
Furthermore, it is inert and gas molecules have a very low sticking 
coefficient to gold. Electrodes in some electron tubes (e.g. the omega- 
tron) are sometimes gold plated, because the absence of surface cor- 
rosion and low adherence of gas films ensures that no electrically 
polarized layer exists between the metal and the space outside (the 
vacuum). Consequently, potentials impressed on the electrodes are 
truly the potentials in the electric field immediately adjacent to the 
gold surface. 

Gold can be coated on glass and other substrates by either vacuum 
deposition (p. 262) or sputtering (p. 255). A film of gold 5 x 10"® cm 
thick on glass has selective transmission to green light. The trans- 
mission is 4-5% at 4,000 A, 10% at 5,000 A, 4% at 6,000 A, and 
2% at 7,000 A. 

A gold film, 60 to 70 A thick, sputtered onto a reactively sputtered 
film of bismuth oxide of thickness 100 A on glass provides, on heating 
to 200°C, a resistance of 10 ohm per square and an optical trans- 
mission of 70% for light from a tungsten lamp at 2,700°K. This pro- 
vision and developments from it have led to the production of glass 
windows (e.g. for aircraft), which can be heated for demisting and 
defrosting by the passage of electric current through the gold film. 

A colloidal suspension of gold in an organic liquid combined with 
an adhesion promoting agent (e.g. Johnson Matthey liquid bright 
gold 12% C and 12% Y) can be applied by brushing, dipping, or 
spraying to glass (using C) or ceramic (using Y), to form a film. This 
is baked in air to 520 to 650°C in the case of glass, or 650 to 850°C for 
a ceramic, so that the organic material is driven off to leave a bright, 
strongly-adherent, gold film. 

Indium. This metal is valuable for making vacuum seals in cases 
where the gas and vapour evolution from elastomers is undesirable, 
and yet high bake-out temperatures are not demanded. Indium has a 
melting point of 156°C, a boiling point of 2,100°C, and a low vapour 
pressure in the molten state (10 “® torr at 670°C). Indium sealing gas- 
kets are described in section 3.8. Bake-out up to 120°C is possible 
using these gaskets. 

Indium can often be conveniently used as a low temperature solder 
which adheres well to the common metals. Indium-sealed vacuum 
valves or cut-offs have also been constructed where valve closure is 
obtained by a metal cap, which is lowered into the indium melted 
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by a surrounding healer carrying elwlnc current On cooling, the 

indium solidifies round the cap 

Induction Healing. If a coil canning a high frequency alternating 
current is placed near a conductor, eddy currents induced m the con- 
ductor will raise its temperature If the conductor is within an esacu- 
ated glass chamber rather than in the atmosphere, the temperature 
attained will be much greater for a gisen povser dissipation m the 
conductor, as heat loss is now mainly by radiation only This fact is 
of great use in raising to high temperatures, for degassing purposes, 
the metallic or carbon structures in evacuated electron tubes It has 



rig 106 Induction heating the electrodes within a thermionic vacuum tube 
undertomc pumpinj; 

also been des eloped for heating and melting metals in s acuum mctal- 
lurg) and for soldcnng and brazing techniques both in racuo and in 
air 

The electrodes in a sxicuum tube may be induction healed to 800 to 
1,000’C or much greater temperatures (but cicessts'c saponzation of 
the metal must be a\ oidcd), and gases which sterc not cs oh ed dunng 
o\en bakc-out at, say, 450'C will be rapidly released (Hg 106) 

The cddy-currcnts induced in ibe metal will be subject to skin 
cITcct, whereby the depth of penetration for an allcmaiing current 
will decrease the higher the frequency For metal and carbon elec- 
trodes, a frequency of 200 to 500 kc per sec provided by a valve 
oscillator is usual, with a coil length not greater than four times its 
diameter 

An equation given by Rechetl34] enables approximate calcula- 
tions to be made for induction heating a hollow metal cylinder If N 
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is the number of turns of the induction heater coil, which is placed 
around the evacuated tube containing the cylinder, and /is the r.m.s. 
current of frequency /, which is passed through this coil, 

where r°K is the absolute temperature to which the cylinder is raised, 
A sq cm is surface area of this cylinder, and p is the resistivity in ohm- 
cm of the metal of the cylinder at the temperature r°K. G is a factor 
depending on D, the diameter of the circular induction heater coil, d, 
the diameter of the metal cylinder, and It, the height of this cylinder. 
Values of G are given in the Table 5.9. 


TABLE 5.9 

Evaluation of G in equation [5.3] 


Did 

djh 

G 

1-2 

1-0 

1-6 


0-5 

0-9 


0-2 

0-4 

1-8 

1-0 

0-9 


0-5 

0-7 


0-2 

0-3 


As an example, consider a cylinder of nickel of height 5 cm and 
diameter 2-5 cm, and so of surface area 39 sq cm, to be heated to 
800°C, i.e. 1,073°K. At 1,073°K, the resistivity of nickel is 45 x 10"® 
ohm cm. 

Applying equation (5.3), 


NI 


=y( 


2xl0-®xl073*x39\ 

45^'2x1o-3c?/i/2 ) 


Choosing a frequency / of 500 kc per sec, which will cause the 
majority of the heat to be dissipated in a thickness of metal of about 
0-04 inch because of skin effect, and an induction heater coil of 
diameter 4-5 cm, it follows that D/d=hS, whereas <7//? =2*5/5 =0-5, 
so G from Table 5.9 is 0*7, and 


W= // 78 xl0-®x 1,073^ \ 

V \6-71x 10-3x0-7 X (5 xl0®)i'V ~ ’ 


,073* 

:(5xl0®)*'3/ 

Hence, a coil of 10 turns would require a current of 558 amp r.m.s. 
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at 500 kc per see A 2 kW induction heater iS the usual size for de» 
gassing the electrodes in radio saUes and cathode ray tubes 
Mcrcurj. Extcnsucly used in manometers, McLeod gauges 
mercury \apour pumps, cut-offs (Fig lOTo), switches (Fig 107^>), 
discharge lamps, etc 

Mercury readily combines with scscral metals at room tempera 
turctoformamalgams Iron, steels, cobalt, mcLcl, platinum. rhodium 
mol)bdenum, and tungsten are not readily affected 
Mercury can be cleaned by the follmsing methods 

(a) Much dirt and grease can be removed from ver> dirtj mercury 
by bubbling air (e g by (he use of a \vater*jct pump) through it to 
form a readily removed scum on the surface 



Fig 107 (a) A mercury cut-ofT (fr> A mcrcuiy i*ilch useJ for protecting 
against failure of cootmg water supply to * vapour pump 


(6) Remove particles of foreign matter by squeezing through 
chamois leather. 

(c) Remove metallic impuniics b) sprinkling dow.Ti a long vertical 
column (glass lube 3 to 4 foot in height and about I inch m diameter) 
of nitnc acid (3 parts water to 1 of concentrated acid b> volume) 
This IS preferably followed by spnnkling through a similar column of 
distilled water The spnnklcr is conveniently a glass funnel with a 
drawn-down outlet tube 

(<0 Distil mercury //I locuo themercur> lsbolIedlnanclcct^call)• 
hcated borosilicate-glass container leading to a water-cooled Liebig 
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condenser inclined at about 30° to tbe horizontal, with its outlet 
joined by a vacuum-tight seal to a collecting vessel. The interior of 
this apparatus is evacuated to about 10"® torr by means of an oil- 
sealed mechanical rotary pump. 

The last process shoxild always be employed to clean mercury 
intended for use in pumps or gauges; indeed, double distillation is 
recommended. If the mercury is initially very dirty, stages (a) to (d) 
should be undertaken in sequence. 

Mercury vapoiu: can cause serious poisoning of the blood-stream 
if inhaled. 

Density=13-6 gram per cu cm at 20°C; melting point= — 39°C; 
boiling point =357°C at 760 torr; surface tension=!475 dyne per cm 
at 20°C in vacuo, and 400 to 500 in air. 

Mica. An insulator, much used for supporting electrodes in vacuum 
tubes, as a dielectric in capacitors, and for general electrical insula- 
tion. 

Mica occurs naturally in the forms of muscovite and biotite. 
Muscovite mica (H 2 KAl 3 (Si 04 ) 3 ), which is practically colourless, can 
be obtained. Biotite mica is much discoloured. 

Mica can be split along its cleavage planes into very thin sheets; 
thicknesses of 0*0005 inch are obtainable. 

Before use in a vacuum tube (e.g. for electrode spacers) mica should 
be carefully cut to shape, rinsed in acetone, then alcohol, and finally 
baked in air to 200°C to remove water vapour. Mica surfaces can be 
regarded as saturated with gas, and mica contains about 18% of 
combined water. 

If baked above 650°C, mica loses its normal form, the cleavage 
planes separate and a silver-grey appearance is assumed. 

Electrical leakage across mica is often a source of difficulty; the 
cleaning and baking before use in vacuo reduces this leakage greatly. 
Careful handling after cleaning and baking is desirable, finger-prints 
being particularly deleterious. 

Electrical leakage across mica, due to any volatilized films pro- 
duced during heating of electrodes in a vacuum tube, is reduced by 
spraying alumina on the mica before assembly of the electrodes, so 
that any deposited metal is much less likely to form a continuous 
conducting surface. 

Metal films evaporated onto mica do not adhere strongly; rubbing 
with a cloth will readily remove them. 

A mica sheet, 0*001 inch thick, transmits approximately 90% of 

9 + 
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normally incident Vrhite lighL Ultraviolet radiation at wavelengths 

below 2 600 A « cut ofT 

To seal mica to metal or glass e g to provide a vacuum tight thin 
window on the end of a cylmdncal glass or metal tube which is trans 
parent to low energy beta particles (end window Geiger MQIler 
counter tube), other nuclear particles, X rays and ultra violet radia 
tion a useful method (Donal [135))i$touseleadborosilicaleg!assor 
low flow temperature as a cement The mica window cannot be com 
fortahly more than 3 cm in diameter It is made slightly larger than 
the squarcd*ofr and ground end of the glass tube over which it is 
placed The low melting point glass is ground fme, mued into a paste 
with water and painted on the tube cod The mica is pressed onto this 
preparation and the paste spread also around the edges of the mica to 
prevent them from splitung Heating for some 10 mio at 600X and 
subsequent slow cooling makes a satisfactorily leak free joinL The 
glass to which the mica is to be scaled should be selected to have a 
linear thermal expansion coclTicicnt near to that of mica The mica 
used was 0 005 to 0-02 inch to thickness 

Molybdenum A refractory metal particular)) for transmitting 
valve anodes. X ray tube targets, and gnd wires m thermiomc 
\acuum lubes ^Vlr« down to CH)25 mm diameter can be drawn. 

Its melting point of2 625*C, combined with low vapour pressure at 
elevated temperatures (vapour pressure- 10 * torr, at 1,987*C) and 
the fact that it is more ductile than tungsten makes it a suitable rocta! 
for heaten, heat shields, and supports It will spot weld to most 
metals but not to tungsten or to itself, though a thm grease Him does 
enable a weak spot weld to be made It is degassed by vacuum - or 
hydrogen -sieving It oxidizcsvcry readily on heating in air Toclean 
It preparatory to making a metal to^glass seal (it seals directly to 
Pyrex, but preferably to a molybdenum sealing glass p 239) it u 
heated to about SOOX in cootaa with sodium mtnte 

An alloy of 51% molybdenum with tungsten u ductile, shaped 
more easily than tungsten, and is stronger than molybdenum, it is 
used for heater wires especially m mdircctl) heated thenmomc 
cathodes Molybdenum reacts chemically with oxjgen which it sorbs 
readily at 1 000°C >Vhcn heated, it also chemisorbs hydrogen. 
C3H2 and CaH4, and sorbs nitrogen and carbon monoxide 

Movement of mechanism tn raaio Three methods of irapanmg 
motion to a device m a vacuum from a mechamsm outside m the 
atmosphere are shown m Fig 108, their operation is self-expbna- 
tory A means of inserting a small specimen into a vacuum without 
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introducing air (Fig. 109c) is a vacuum-lock technique that can be 
extended to accommodate larger objects with attention to elastomer 
seal design. Two other convenient types of seal which can be used to 
enable a translatory or rotary motion to be imparted to a device in 
vacuo are the Wilson [136] seal (Fig. 109h) and the Gaco seal (Fig. 
109c). The former uses a neoprene washer containing a central hole 
which has a diameter approximately two-thirds of that of the smooth 
cylindrical shaft which passes through it. This washer is flexed at the 
centre by the 30° conical bevel on the metal plate shown. Shaft 



(b) (c) 

Fig. 108. Means of imparting motion to a mechanism in vacuo. 

diameters can be from tV to 1 “ich; light lubrication by vacuum 
grease is advantageous, A double Wilson seal, i.e. with two bevelled 
washers separated by a gap, is preferred if freedom from leakage is a 
problem, with a shaft subject to frequent movement. The space be- 
tween the two washers can either be filled with a low vapour pressure 
silicone oil or can be evacuated by a rotary pump coimected to a 
side-tube leading to this space. The single Wilson seal is, however, 
usually satisfactory at pressures down to 10"’' torr. 

The Gaco seal is preferred by many workers, especially when con- 
tinuous shaft rotation is practised. This is a specially-moulded 
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neoprene gasket, which is spnng loaded to ensure a tight seal against 

the shaft 

Nickel. Much used before World War II for the construction of 
vacuum*tube electrodes, but is expensive for this purpose and has 
now been replaced by stainless steel and otlicr alio>'s It has a fairly 
high rocUing point (l,455*C), « easily cleaned and degassed, resists 
corrosion, spot-welds readily to most metals and itself, and is scry 
ductile when annealed Often electroplated onto other metals, eg 
copper and mild steel, to render them more corrosion resistant for 



FiS 109 (a) Insertlog « ipeamcn Into wcuum through a vacuum lock (A) 
The Wibon sea! (c) The Caco leal 

high vacuum use Can also be electroplated onto stainless steels, 
molybdenum, and tungsten To nickel plate uon and steel, copper is 
often deposited first 

Nickel is ferromagnetic with a maximum permeability of 700 gauss 
and. a. Cwxvt 

Nichrome is a nickel alloy of composition 64% Ni, 11% Cr, 25% 
Fe, v/ith a melting point of 1,350''C, which is much used for mabng 
electric heaters in ovens and furnaces (resistiNnly at 20®C»= IlOx lO"* 
ohm cm, temperature coefficient ofrcsistance** I*7x 10"* pcrdegC) 

Chromel is an alloy of nickel and chromium w ith some iron, useful 
in making thermocouples with alumel Alumel is a nickel alloy con- 
taining small amounts of iron and manganese The Chromel-Alumel 
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thermocouple (both metals can be hard soldered or spot-welded; 
both have a melting point of 1,400°C) can be used over the tempera- 
ture range from —200 to 1,300°C. The e.m.f. established with a cold 
junction at 0°C and the hot junction at 100°C is 4-1 mV. 

A group of nickel alloys with melting points usually between 
1,300 and 1,350°C known as Monel contain variously 60 to 70% Ni, 
30 to 35% Cu, and smaller additions. Some of these are hard and of 
high mechanical strength. K-Monel is non-magnetic. 

Palladium. A noble metal of the platinum group. Chiefly used as a 
getter and a source of supply of hydrogen because palladium dis- 
solves hydrogen to form palladium hydride: at s.t.p., 6 mg of hydro- 
gen are sorbed by 100 gram of palladium. At — 190°C, the sorption 
is greatly increased. If heated to above 300°C, the hydrogen is re- 
evolved. Also used as means of metering small amounts of hydrogen 
into a vacuum (p. 232), as gas permeability to hydrogen is significant 
and temperature dependent. 

For gas sorption, the metal is used in the form of palladium black, 
prepared by dissolving in aqua regia, then baking, and adding sodium 
carbonate to free the compound of acid. The solution is then warmed, 
adding acetic acid and afterwards a warm concentrated solution of 
sodium formate. The palladium will precipitate in the form of pal- 
ladium black, which has to be washed and dried. It oxidizes if heated 
in air and is soluble in nitric acid. 

A palladium paste, A 286 (Johnson and Matthey Ltd.), can be 
brushed or sprayed onto unglazed ceramics then heated to 700 to 
1,500°C to leave a palladium film. For coating glass, liquid palladium 
4-j% is used and baked at 560 to 650°C, whilst for glazed ceramics, 
liquid palladium 3349, baked at 650 to 800°C. Palladium begins to 
oxidize at 400°C, so an inert or reducing atmosphere is. desirable 
during the final stages of baking. 

Platinum. A noble metal, inert to all acids except aqua regia. 
Employed whenever long use without corrosion is desirable, and, 
like gold, is sometimes used for constructing electrodes where ab- 
sence of surface contamination and gas layers avoids potential 
barriers from being formed, so that the potential in the vacuum 
immediately outside the electrode surface is the same - and remains 
the same - as that on the electrode itself. Seals readily to some com- 
mon glasses to give vacuum-tight join. Often sandwiched between 
copper and glass to make a seal. Sputters readily but is difficult to 
evaporate in vacuo. Above 700°C, platinum foil shows considerable 
permeability to hydrogen and deuterium. It is very ductile and wires 
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of diameters os small as 0 02 mm ore obtainable Con be used at its 
mclung point (I,774*C) for brazing molybdenum and lungslcn, and 
also as foil sandwiched betweeo molybdenum or tungsten ssirts or 
nbbons to enable them to be spot welded Easily spot*welded 

A range of suspensions of platinum m organic liquids is as-ailable, 
which can be brushed or sprayed to form a film on glass or ceramic 
which IS baled to leas'c a wry strongly adherent platinum film For 
glass, the best suspension is Johnson and Matthey Ltd liquid plati' 
num Fl(M which can be applied by brushing, dipping, or spraying 
and IS baked at 560 to 650’C For glazed ceramics, liquid platinum 
7% IS used and baled at 650 to SOO'C, for unglazed ceramics, 
platinum paste N758 is applied by brushing and baled at 700 to 
1,500’C. 

Hhenltim. The greater availability in recent years of this ductile 
metal m nbbon and (hm foil form has led to its use os a thermionic 
emitter filament tn place of tungsten, espeaally in hot*cathode 
ionization puges and in the ion sources of mass spectrometers 
Untile tungsten, it is little affected by healing at atmosphenc pres* 
sure and further resists corrosion and interaction with gases and 
supours at elesuted temperatures It has ezeellent mechanical and 
electrical properties at high temperatures and spot w-elds readily to 
most meiab The melting point is 3,I80*C and its supour pressure is 
10"‘ torr at 2,367*C It is axailabic In the forms of pure rhenium 
sheet, wire, and poisder, rhenium/molybdenum alloy sheet, wire, and 
seamless tubing, rhenium/tungsten alloy sheet and wire, and also 
Ihonatcd rhenium/tungitcnwirc 

Khodium. A metal very similar to platinum, but cannot be readily 
drawn into wire form Chief use is in electroplating, forming an 
excellent corrosion free surface. A rhodium film vacuum*deposited 
by evaporation onto glass giits a «ry strongly adherent, hard film, 
which is almost neutral as an optical front surface mflectoT and with 
an overall white light (tungsten lamp) reflectivity of about Z0% 
Rhodium front surface mirrors have been used for naval and airciaA 

parent tbm film of rhodium on glass transmits almost neutrally m the 
region 4,000 to 8,000 A 

Robbers and Elastomers. Thick walled, natural rubber tubing ts 
often used formaking temporary connections at pressures above 10"* 
torr, It should not be used at lower pressures as it gives offhydrogen, 
has an effective vapour pressure of about 10" * torr and exhibits some 
p$ permeability Alow sulphurcontentisessential Before use, it must 
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be thoroughly clean; boiling in caustic soda solution followed by 
washing in distilled water and drying in a dry, oil-free, air blast is 
satisfactory. 

In almost all vacuum practice, particularly for making O-rings, gas- 
kets, and other seals for use at high vacuum, artificial rubbers or 
elastometers are used (section 3.7). Among the variety available, 
those most frequently encountered are the nitrile rubbers (Perbunan 
and Buna N). the chloroprene material neoprene, and the fluoro- 
carbon Viton. 

Nitrile rubbers are generally preferred to neoprene; both are oil- 
resistant but the former produces excellent quality moulded O-rings 
and other shapes, has lower gas permeability to nitrogen, and better 
resistance to compression than most elastomers. Heating of both 
nitrile rubbers and neoprene to about 120°C is possible in vacuo. On 
heating, water is predominantly desorbed initially, and hydrocarbons. 

Viton A is resistant to high temperatures and has lower gas per- 
meability than nitriles and neoprene, especially to hydrogen. It can be 
heated in vacuo to 200 to 250‘’C; water vapour, carbon monoxide, and 
carbon dioxide are desorbed. The low gas permeability and ability to 
withstand bake-out at up to 250°C (above 300°C decomposition 
products are desorbed, though evidence exists that this occurs at 
considerably lower temperatures) have lead to the use of Viton A as 
an 0-ring and gasket material for vacuum systems operating at pres- 
sures down to 10“® torn However, it has poor resistance to compres- 
sion, particularly at 250'’C, so frequent replacement of the gasket is 
necessary if bake-out is practised. 

Barton and Govier [137] have used a mass spectrometer to study 
the gases evolved by elastomers on degassing; data is also given by 
Bailey [115]. Turnbull, Barton, and Riviere [116] give data on gas 
permeability from which Table 5.10 is extracted. 

TABLE 5.10 

Gas permeability of some elastomers 


Elastomer Gas permeability* 



Ha 

He 

Ne 

Oa 

A 

Nitrile rubber PB60 

100 

100 

<1 

8 

17 

Neoprenet 

100 to 140 

100 

2-5 to 90 

18-5 to 30 

16 to 28 

Natural rubber 337 

450 

290 

70 

147 

200 

Viton A 

26-6 

100 

<1 

<1 

<1 


* In 10' cu cm at 760 torr and 25°C times thickness in cm per sq cm (area of cross- 
section) per cm Hg pressure differential. 

t Range of values is for different neoprenes; C.S. 2368B and C.S. 2367 were used. 
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Apart from the use of Vjton A subjected to bakc*out on the vacuum 
s>stem, elastomer gaskets are in general not used m regions of systems 
where a pressure below I0~* torr is to be obtained They arc hence 
usually confined to those parts of a imeuum system on the high pres- 
sure side of the cold trap 

Crawley and Cscrnalony {I38J give information on the degassing 
characteristics of nitnle and Viton A O rings of IJ inch nominal 
diameter, 0 139 inch cross sectional diametef, and 60“ shore hard- 
ness Unbaked nitrile was shown to have about twice the degassing 
rate of Viton A, but the real advantages of Viton A showed upafier 
a 4 hour bake of the lest chamber at lOO’C, when its degassing rate 
was about one fiftieth of that of niirtlc Further, Viton A baked for 
16 hour at lOO’C gave a degassing ntc of 3 to 4 x 10“*® torr litre per 
sec per sq cm of surface, about the same as unbaked copper How evxr, 
baking Viton A at a higher temperature of200’C causes higher degas- 
sing, probably because the evolution of water vapour then becomes 
complete, but other volatile constituents of the \iton A are evolved 
rapidly 

Viton A 11 of great interest as a sealing matena! for demountable 
joints tn ultra high vacuum systems where moderate bake-cut ton 
peratures of about lOO’C arc mamlamed, however care with selec- 
tion of this matenal is essential because samples from various 
manufacturers differ appreciably m properties 

Silica. Amorphous silicon dioxide, the crystalline variety is quartz, 
a mineral Fused or vitreous silica is used for some transmitting valve 
envelopes, photocell tubes sensitive to ultra violet, and m vacuum 
practice where a transparent insulating envelope is needed which can 
withstand excessive thermal shock because of its vary low linear 
thermal expansion coefficient of 042x 10“* per dcgC up to l.ltXFC. 
Silica spacers arc also useful between electrodes and other parts in the 
assembly of electron guns, ion sources etc It is inert to all liquids 
except hydroHuonc acid 

Silica is harder than glass and most metals Melting point is 
1,700®C It has to be worked in an oxygen gis or oxygen acetylene 
flame at temperatures at which it is neccssarv to protect the eyes of 
theglass blowcragainstradiationwiihdarkglasscs Recry slallization 
tends to occur at 1,2(X)®C Lead is the only metal which fuses satis- 
factonly to silica 

Quartz is much used m optics when high ultra violet transmission 
IS required, useful transmission over the wavxlcngth range from 2,000 
to 35,000 A being obtained A Ihm layer of silica evaporated onto 
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optically-worked glass in vacuo can be used to protect the glass against 
the chemical action of weathering, but silicon monoxide - a useful 
vacuum deposited dielectric film - is much easier to evaporate (p. 
262). 

Silica exhibits higher permeability for helium than glasses (p. 229), 
and also for hydrogen, neon, and argon. 

Silver. Readily sputtered and evaporated in vacuo to form a metal- 
lic film on a substrate which is not strongly adherent if the substrate 
is glass, but where an optically-polished surface so coated forms the 
best front-surface reflector for white light, from the point of view of 
reflection coefiicient. Percentage of normally incident light reflected 
is 30% at 3,000 A, 86% at 4,000 A, and 94% in the range 6,000 to 
12,000 A. 

Silver can be readily deposited onto glass by the chemical methods 
known as the Rochelle salt and the Brashear processes. 

It is the best conductor of heat and electricity, making it very 
difficult to spot-weld electrically to itself or other metals. However, 
can be readily soldered and brazed. Silver is a useful brazing material 
in the pure form; there is also a range of hard silver solders among 
which silver-copper eutectic alloy (Ag 72%, Cu 28%) is available, 
especially for soldering copper. 

Silver has been used in place of copper or gold for making bake- 
able metal gaskets for use in ultra-high vacuum. 

Sputtering. When a positive ion is incident upon a metal surface, 
it may well eject an atom of the metal from this surface, a pheno- 
menon known as sputtering. The sputtering coefficient, defined as the 
number of metal atoms ejected per incident ion, will depend on the 
nature of the incident ion (usually of a gas such as nitrogen, argon, 
hydrogen, etc.), its energy, the nature of the metal, and the angle of 
incidence of the ion, where the coefficient increases with increasing 
angle, i.e. is larger for oblique incidence. Sputtering coefficients 
range from vanishingly small values (sputtering negligible) up to 
about 10. 

Sputtering is important in gaseous discharge phenomena and plays 
a part in the mechanism of sorption of ionized gas at metallic sur- 
faces. It is utilized in the sputter-ion or Penning cold-cathode getter- 
ion pump (section 1.14) and has also been developed as a means of 
preparing thin films on substrates. 

Fig. 110(a) shows a laboratory plant for sputtering a metal and 
depositing a film on a substrate, e.g. of glass; Fig. 1 10(6) is a unit for 
reactive sputtering. In the former, often known as cathodic sputtering, 

9 * 
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Fig 110 (d) Alaboratoryplantforiputtering WAunitrorre2ct!ve$puttenns 

the cathode is usually a plane sheet of the metal to be sputtered, or 
may be of copper or steel beastly electroplated ssilh the metal The 
gas pressure js adjusted to be between 10'* and lO'^torr Toacbie« 
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this pressure, it is best to pump the chamber first to about 10"® torr 
by means of a rotary/vapour pump combination, and admit the gas 
(preferably an inert gas such as argon) through a needle valve to 
obtain an equilibrium between the inlet throughput and the through- 
put to the pumps. Across the cathode and anode (which is the steel 
base plate of the chamber) is maintained a steady p.d. of 1 to 2 kV 
with the anode earthed. Positive ions created in the discharge im- 
pinge on the cathode and eject from it atoms of the cathode metal, 
which then travel to the substrate to be coated. It is important to 
provide a H.T. power-pack for the anode-cathode voltage which has 
a high internal impedance (a resistor of 2 to 3 kQ is often included), 
to ensure that the discharge does not become unstable and develop 
into an arc. 

The sputtering rate is proportional to the current density: with a 
p.d. of 2 kV a current density of 0*5 to I -0 mA per sq cm of cathode 
area is satisfactory. The coating uniformity is improved the larger the 
ratio of cathode diameter to cathode-substrate separation; this latter 
separation is so that the substrate is just outside the cathode dark 
space, which has a width of about 2 to 3 cm at the pressmes used. 

The sputtering coefficient increases with the energy of the incident 
positive ions (and hence with the anode-cathode p.d.) and with their 
mass. Though all metals can be sputtered, some, like aluminium and 
magnesium, offer difficulty because of surface oxide films. For ob- 
taim'ng metallic films, the best gas to use is generally argon, and those 
metals which are often more conveniently sputtered rather than 
evaporated in vacuo are gold, platinum, and palladium. Silver has a 
high sputtering coefficient but is usually evaporated to make a film. 
The sputtering rates of metals in descending order in an argon atmos- 
phere are Cd, Ag, Pb, Au, Sb, Sn, Bi, Cu, Pt, Ni, Fe, W, Zn, Si, Al, Mg. 

Reactive sputtering (Fig. 1106) is a technique for obtaining films of 
metal oxides or other metallic salts on a substrate. To form oxide 
films of a metal, the cathode is made of this metal and the glow dis- 
charge is maintained in an atmosphere consisting of a mixture of an 
inert gas (e.g. argon) and about 5% oxygen, at a total pressure of 
10"^ torr. The gas mixture is best prepared in an auxiliary reservoir 
containing a drying agent (usually phosphorus pentoxide), and the 
sputtering atmosphere needs to remain uncontaminated, so that high 
speed pumping (usually by a vapour ejector pump) is needed with a 
relatively high rate of gas inlet to reduce the influence of gases de- 
sorbed from the chamber walls. The cathode-anode p.d. is generally 
about 3 kV with a discharge current density of 5 mA per sq cm. 
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A V, ide range of metals can be sputtered reactively to produce on a 
glass substrate a strongly adherent film of the corresponding oxide 
Considerable uork has been done on oxide films of bismuth, cad 
mium, copper, iron, tin, mdium and titanium, other metals s^hich 
ha\ e been reactively sputtered are Al, Be, Ce, Pb, Mg Mo. Ni, Pt, Si 
73,70,171 W.andZn Dyeonlfollingtheparlialpressureofoay^n 
the degree of oxidation of the deposit can be decided, indeed, oxide 
films with excess metal atoms can be made, a technique of interest in 
semiconductor physics 

Steels. Mild steels consisting oftron mixed with a small percentage 
of carbon are much employed In the construction of large vacuum 
systems These low carbon steels arc readily machined, spot welded 
soldered, braacd, and welded There are, however, many alloys of 
steel w ith very diverse properties Though mild steel is adequate for 
the construction of vacuum chambers to be pumped down to 10 • 
torr, provided it has a low sulphur content which is necessary to 
minimize outgassing. (he oxides and hydroxides which form oa the 
surface sorb water which it is dilRcuIt to remove, particularly as 
satisfactory bake out under vacuum is impractical It is good prac 
bee, therefore, to plate the surface of the st«!, which is exposed to 
vacuum, with nickel or chromium For the many classifications of 
steels and basic applications reference is best to 'Wrought Steels 
{Drillsh Siertdardt Insiltuihn 970 1955) 

Stainless steels have become widely used for electrodes tubing, 
including flexible corrugated tubing, vacuum valves and chambers, 
cspeaally in ultra high vacuum feclmiquc The austenitic (“Stay 
bntc*) 18/8 stainless steels, which arc non magnetic, of welding 
quality (ic can be welded to give good quality leak free joints by 
means of argon arc or hcliarc techniques) and have fair to-goodfrcc 
machining (i c can be machined without special cutting tools), arc 
preferred The 18/8 stainless steels contain approximately 18% 
chromium and 8% nickel (hence the name) with about 0*1% carbon 
and the remainder iron Those contaimng small amounts of the 
additional metals such as moly bdenum. titanium, and columbmm are 
particularly resistant to corrosion There arc several vanctits of 
18/8 stainless steels for vacuum work, those often chosen are 
En58B (melting point 1430*C), which is titanium stabilized. En5SF 
(melting point 1,450®C), and EnSSJ for tubing (melting point 
1,430®C) These stainless steels do not require heat treatment after 
welding 

These 18/8 stainless steels are more diflicult to machine and braze 
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than low carbon steels, and electric argon-arc welding, vacuum 
brazing, or electron-beam welding are desirable if to be used for con- 
structing ultra-high vacuum systems and components. However, they 
have the great advantages that they resist corrosion, provide a smooth 
surface (readily electropolished) free of water-sorbing oxides and 
hydroxides, and can withstand bake-out for degassing up to 450°C or 
even to 700°C. 

Unbaked stainless steel will evolve molecular gases (chiefly hydro- 
gen, water vapour, and carbon monoxide) to an extent variously 
estimated to be between 10"® and 10"’ torr-litre per sec per sq cm of 
surface exposed to ultra-high vacuum; the lower figure of 10"® being 
obtainable with a very clean electropolished surface after some hours 
of pumping. After bake-out at 400°C for some 16 hour, electro- 
polished stainless steel in an assembled ultra-high vacuum system will 
evolve primarily carbon monoxide and hydrogen, at a rate of about 
5x 10"^® torr-litre per sec per sq cm, which can be decreased by a 
factor of about 100 with a very prolonged bake-out. Consider an 
electropolished stainless steel vacuum chamber with an interior sur- 
face area of 1,000 sq cm. If unbaked, the evolution of gas from this 
surface will be at least 10"® torr-litre per sec, demanding a pumping 
speed of 10"®/10"®, i.e. 1,000 litre per sec to maintain a pressure of 
10" ® torr. If baked, however, and assuming no other source of out- 
gassing or leakage is present, the pumping speed requirement after 
bake-out is reduced to roughly 5 x 10"®/10"®, i.e. 5 litre per sec, and 
the maintenance of very low pressures becomes practicable. 

Tantalum. A highly refractory metal with a melting point of 
2,850°C. It is ductile, malleable, and has similar machinability (car- 
bon tetrachloride cooling is used) to mild steel. Tantalum offers great 
resistance to corrosion and chemical attack, withstanding all acids 
except hydrofluoric and fuming sulphuric at normal temperatures, 
but is attacked by strong alkalis. The mechanical strength is com- 
parable with that of steel, both in the fine wire and thin sheet forms. 
Electric spot-welding of tantalum to itself and a number of other 
metals is readily possible, and it has been used in the form of 0-001 
inch thick foil as an intermediary in spot-welding tungsten and 
molybdenum. 

Used for making transmitter valve anodes and other vacuum tube 
electrodes, especially where a large heat dissipation occurs. Vacuum- 
stoving must be practised and not hydrogen-stoving, because it sorbs 
hydrogen into solution strongly at elevated temperatures to become 
very brittle. 
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Pirani 1139] found that tantalum sorbs about 740 tunes its own 
^oI^mc of hydrogen at s t p when heated to 800*C, later work has 
established that hydrogen sorpUon Increases in rate with temperature 
m the range 500 to l,200*C with an optimum take up at eOD’C. 
Oxygen is sorbed at 750*C, and rapidly at 1 ,500*C, up to a maximum 
amount equal to 20 times the metalvolumcaistp .above KSOO’C, 
the oxide TajO is formed Nitrogen is sorbed slowly below I,3X*C, 
but at l^SO^C the volume can be 80 times the metal volume at s t p 
Tantalum has been used as a bulk getter the powder is sintered on 
a thin strip of nbbon welded to a molybdenum or tungsten support 
which Is heated In taeuo 

Thermionic Cathodes. A pure metal heated in taeuo to a tempera* 
turc T^K will give an emission / m amp per $q cm decided by the 
Richardson Dushman equation 

/-^r»cxp(-H/tn (54) 

where w is the w ork function energy of the metal in eleclron*% o!t (cV), 
and k IS Boluraann’s constant (k- 1/11,600 cV per degK) A is ex- 
pressed m amp per sq cm per dcg’K and is a constant for a given 
metal but vanes somewhat from one metal to another 

To obtain adequate electron emission, either h must be small or T 
large The pure refractory metals used most frequently as high tem 
perature emitters are tungsten (melung point 3,380’C, vapour pres- 
sure-10"* torr at 2,547*C) and rhenium (melting point 3,180*C, 
vapour pressure-10** torr at 2,367*0 Tor the polycrystalline 
metal the w ork function of tungsten is 4 52 c V, and that of rhemum 
is 5 I eV At 1,630’C the emission from tungsten :$ 2 3 x 10"* mA 
per sq cm which rises to 295 mA per sq cm at 2,230*C, for rhemum 
the values are 10"^ mA per sq cm at 1,950’(3, nsing to I mA per sq 
cm at 2,150’C Though tungsten is widely used, rhenium is recom- 
mended for ionization gauges and ion sources in mass spectrometers, 
because it exhibits much less reaction with gas at low pressures, and 
1 $ free of the formation of carbides Further it is not senously oxi- 
dized, like tungsten, on exposure, when hot, to atr at pressures 
exceeding 10’* torr, it has excellent ductility, and does not become 
brittle on heating in rucuo 

Thonated tungsten filaments and also ihonated rhenium filaments 
are both used, apin with a preference for the latter Thonated 
tungsten filaments are prepared from tungsten wire contaimng 1 to 
2% thona (ThOj) The activation process necessary for the filament 
within the evacuated tube is (a) heat to 2,500'C for about I mm to 
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reduce the thorium oxide to thorium; and (6) reduce the temperature 
to about 2,000°C and maintain for some min to cause migration of 
the thorium to the surface. At an operating temperature of I,730°C, 
the emission is 2*75 amp per sq cm, the work function being 2-6 eV. 
Thoriated rhenium is similarly activated but at lower temperatures, 
and gives about the same emission at 1,600°C. 

A 50% thoria/50% rhenium combination is a useful emitter which, 
at 1,360°C, gives about 275 times greater emission per sq cm than 
thoriated tungsten (Esperson [140]). At 1,400'’C, the emission is 
100 mA per sq cm. 

Oxide-coated cathodes consist of a mixture of about 60% barium 
carbonate and 40% barium carbonate sprayed onto a filament of 
tungsten, rhenium, or nickel alloy, or on a cathode of nickel alloy or 
rhenium, containing a heater of tungsten-molybdenum or rhenium- 
molybdenum alloy. The carbonate mixture is initially in colloidal 
suspension in alcohol, with a binder such as nitrocellulose. The spray- 
ing is by a compressed air gun or, alternatively, coating is by dipping, 
painting, or a cataphoretic process. 

A typical schedule for such an oxide-coated cathode, of about 8 
watt (heater voltage x heater current) consumption within a small 
electron tube on a vacuum system, is: {a) bake-out the tube in an 
oven at 350 to 450°C for 10 min; (6) induction heat the electrodes to 
SOO’C for 20 to 90 sec; (c) switch on the cathode heater and raise its 
temperature to 1,150°C approximately for 10 to 100 sec, to drive 
oif carbon dioxide from the carbonates, to leave strontium and 
barium oxides; id) induction heat the electrodes whilst the cathode is 
still hot, to ensure that gas is not interchanged between the cathode 
and electrodes; and (e) seal-off the tube from the pumps and fire the 
barium-aluminium getter. 

After seal-off, the cathode is activated by running it at 900°C 
approximately and drawing a current of about 100 raA for 2 to 5 min 
to the electrodes connected together at a suitable positive potential. 
The normal electrode operating potentials are then maintained for 
about 30 min. This activation causes an electrolytic action whereby 
free barium, which is the active emitter, forms within a matrix of 'the 
oxides at the surface. An 8 watt cathode should give an emission of 
500 mA. The work function of the activated oxide-coated cathode is 
1 volt approximately. 

Oxide-coated cathodes are spoilt if air is admitted to the tube; 
thoriated tungsten cathodes need to be reactivated. Two low tempera- 
ture emitters which withstand fairly well such air admission are 
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tungsten or rhenium, coated tsiih thona, and an emitter consistingof 
a coating of lanthanum hexabondc (LaBg) on tungsten, or preferably 
indium or rhenium Lanthanum besabonde emitters base a work 
function of 2 66 cV and provide an emission of 100 mA per $q cm at 
1,250*0, Coated onto rhenium, a life of 1,000 hour is possible 

Low temperature emitters such as lanthanum hexabonde-coated 
rhenium operating at 1,250*0 gi\-c considerable advantages m ioniza- 
tion gauges and mass spectrometers compared with tungsten, nor- 
mally run at 2,200*C to give the same emission Apart from the fact 
that radiant heat is less, so that outgassing of nearby electrodes is not 
so troublesome (eg in a mass spectrometer ion source), molecules of 
gases such as hjdrogcn, water vapour, pump oil vapours, and h)dro- 
carbons are very much less likely to dissociate at a surface at a tem- 
perature of 1,250*C than at one at 2,200 C. 

Vacuum Deposition of Thin Films. A wide range of metals and non- 
metallic materials can be heated in raevo so that they evaporate and 
deposit on a nearbj substrate There arc a great number of applica- 
tions of such vacuum coating techniques, for a full account see 
Holland 1112) A laboratory vacuum coaling plant (Fig. llln) 
suitable for vacuum deposition at a residual pressure of 10 ' tore 
makes use of a filament heater or evaporator boat The filament 
heater (Fig 1116) consists of three strands of 0 5 to I mm diameter 
tungsten wire, which is very convenient for the evaporation of alu- 
minium The boat (Fig 11 le) is made ofmolybdenum and is suitable 
for several metals, silicon monoxide, magnesium fiuondc, and other 
non metallic substances 

The preparation of a front-surface aluminium mirror tllustrales 
the mam features of Uic process Before introduction into the vacuum 
chamber, the optically-polished glass is cleaned thoroughly Among 
several possible cleaning schedules a rigorous one is (o) wash the 
glass with detergent and water, (6) nnse with freshly distilled water, 
(c) soak for some time m 10% potassium bichromate solution, («/) 
rinse with distilled water again, (e) wash with pure alcohol, and (/) 
fsxsb. eVtav, ^ a a-AV 

Meanwhile, the alummiuracvaporator is prepared Small U-sbaped 
pieces of I mm diameter pure (99 9%) aluminium wire are placed at 
intervals over the three strand tungsten heater, or a length of this 
wire IS coiled round the heater A pressure of 10"® torr or below is 
then established m the chamber, and the tungsten healer tempera- 
ture is raised to about I,100®Cbylhcpassageofa c directly through 
It from a step-down tnmsformer wath a Vanac regulator m the pn- 
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mary. The molten aluminium has a high surface tension of about 
600 dyne per cm and wets the tungsten freely. After cooling, air is 
admitted to the chamber, which is removed, and the clean, polished 
glass is mounted above the evaporator on a suitable support. A 
backing pressure of about lO"® torr is then re-established in the 
chamber, and the glass is subjected to vigorous ion bombardment 
cleaning. To undertake this, a discharge is set up in the residual gas 
between two ring-shaped aluminium electrodes mounted on suitable 
base-plate terminals. For a 12 inch diameter chamber, a discharge 



Fig. 111. Vacuum coating plant. 


current of 100 mA at 3 kV is suitable. The H.T. power-pack used 
must have significant internal impedance (2,000 ohm, say) to prevent 
the discharge from becoming an unstable arc between surface 
prominences. The action of the energetic positive ions on the glass is 
somewhat complex, but the effect is to provide a surface to which 
aluminium films adhere strongly. 

After ion bombardment cleaning for 10 to 20 min, the pressure is 
reduced to 10“® torr or below by the vapour diffusion pump. The 
evaporator temperature is then raised quickly to 1,200 to I,400°C, 
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when the aluminium will evaporate rapidly to gi\c an opaque film 

in 20 to 60 see. 

After admitting air and removing the coated glasj, the film u left 
standing for some hour to permit the growth on Its surface of a film 
of aluminium oxide (AljO^) Such a film will be strongly adherent to 
the glass and withstand cleaning with cotton-uool or a Sclvyt cloth. 

Sci cral other metals can be emporated In racuo, but most of them 
from a molybdenum boat rather than the tungsten-uirc heater. An 
idea of the possibilities is gained by the folloumg list of metals, 
against each of which is given, first, the melting point, and, second, 
the temperature In 'C at which its vapour pressure is 10** torr, but 
generally higher temperatutes than these art needed for a satisfactory 
evaporation rate. 

Aluminium (660, 996); antimony (630, 678); banum (717, 629); 
beryllium (1,284, 1,2-16); bismuth (271, 698); cadmium (321, 264); 
calcium (810, 605); chromium (1.900, 1.205): cobalt (1,478, 1,649); 
copper (1,083, 1.273); germanium (959, 1.251), gold (1,063. 1,465); 
iron (1,535, 1,447), lead (328. 718). magnesium (651, 443), nicVcl 
(1.455, 1.510); platinum (1.774. 2.090). rhodium (1.967, 2,149), 
selemum (217, 234), silicon (1,410. 1,343), silver (961, 1,047), im 
(232, 1,189), titanium (1.727. 1.546). uranium (1.132. 1,898), nnc 
(419. 343) 

Vapour Pressures ofSomc Liquids. In the following list, the satura* 
ted vapour pressure IS givenin ton at 20X Acetone, 184 8, benzene, 
74 65; carbon tetrachloride, 91-0, chloroform, 159 6; ethyl alcohol, 
43 9; methyl alcohol, 96-0, ethyl ether. 422 2; ethyl bromide, 386-0 

The saturated vapour pressure in torr of water (or ice) at various 
temperatures is given in Tabic 5 II 


TAnLES.II 

\ apotir pirtnrc of witrr •( nrloos Umpmlam 


Tempcriture In ‘C 

too 

CO «Q 

40 20 

0 

-to -20 

Vapour pressure 

760 

355 150 

55 3 17 5 

46 

I 95 0-77 

TempeTature tn *0 

-30 

-40 

-50 

-60 

-CO 

Vapour pressure 

028 

0093 

0029 

0-007 

oooot 
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Absorption, 62 

Accommodation coefficient, 113 
Adhesives, 217 
Adsorption, 62 
Aluminium, 211 
vacuum deposition of, 262 
Anodizing, 212 
Apiezon greases, 162 
oils, 34, 35 
Q compound, 217 
waxes, 217 
Asbestos, 213 

Atmospheric pressure, standard, 1 

Back-diffiasion, 26, 41 
-migration, 41 
-streaming, 36, 41 
measurement of, 209 
Backing vacuum, 6 
Baffles for vapour pumps, 3 1 , 4 1 , 43 
thermoelectrically cooled, 45 
Bake-out ovens, 213 
Barium, 65, 233 
Boltzmann’s constant, 2 
Bondley technique, 221 
Brass, 215 
Bronze, 215 
By-pass line, 160 

Carbon, 215 

gas sorption by, 77, 216 
dioxide, solid, 22, 48, 51 
Catch-pot, 157 
Cements, 217 
Ceramics, 219 

Ceramic-to-metal sealing, 167, 221 
Cermets, 219 
Charcoal, activated, 77 
Chemisorption, 62 
Cold traps, 22, 31, 47, 81 
Condensation coefficient, 44, 80 
Condenser, water-cooled, 158 


Conductance, 148 
of an aperture, 150 
of a uniform cylindrical tube, 
152, 154 
Copper, 222 

Critical backing pressure, 25, 26, 31 
Critical back pressure, 25 
Cryopanel, 81 
Cryopmnps, 6, 80 

Degassing, 223 
Degreasing agents, 225 
Desorption, 62 

Diffusion pumps, 19, 20, 22, 26, 176 
air-cooled, 40 

back-streaming of, 34, 41, 209 
characteristics of, 27 
fractionating, 37 
mercury, 19, 20 
oil, 19, 30 
self-purifying, 39 
Discharge cleaning, 263 
tube, 90 

as a pressure indicator, 90 
in leak detection, 188 
Drying agents, 156, 225 

Ejector pumps, 19, 27, 61 
back-streaming of, 42 
characteristics of, 28 
mercury, 27 
oil, 29 
steam, 19 

Elastomers, 165, 252 
Electrolytic cleaning, 226 
polishing, 170, 226, 259 
Emission regulators, 130 
Epoxy resins, 218 

Flowmeters, 1 85, 201 
Fore-vacuum, 6 
Free air displacement, 9 
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212 

Gaco seal, 249 
Gas admittance, 185, 232 
analysers, 1 38 
comlant, 4 

Gas ballast pump, 14, 17. 138 
•metcnng methods, 172, 232 
Gases, 229 
partial pressures In atmosphere, 
223 

permeation through solids. 229 
physical data for, 227 
vapour pressures of, 228 
Gasircts, 163 
elastomer, 163, 232 
metal, 173,212, 223,242 
Gauges, >-acuum. 83 
calibration of, against a McLeod 
gauge, 103, 181 
by an orifice method, 163 
Knudsen, 109 
McLeod, 16, 43, 89, 92 
pressure ranges of, 146 
problems in use of, 83 
Vacustat, 99 

see also lontntion puges and 
Thermal conductivity puges 
Getter«ion pumps, 6, 62, 65 
coldolhode, 65, 63. 79, 179 
evapof ion, 63 
sputtcT'ion, see cold-cathode 
Getter pumps, 62. 63, 76 
Gciten, 64,232 
Glasses. 236 
Glass Joints, 162 
Glass-to-mctal seals, 238 
•mica seals, 248 
•porcelain seals, 239 
Gold, 173, 242 

High vacuum, 1 

Impedance, 147 
Indium, 178, 243 
Induction heating, 244 
Ionization puges, 114 
Alphatron, 136 
Bayard-AIpert. 67, 124, 126 
cold-cathode, 114 
extended electron path, 134 


high-pressure, 132 
hot-cathode, 121 
mapetron, 133 

Inverted mapctronco!d<athode. 
118 

LalTerty, 135 

modulated Bayard-AIpcn. 130 
nude, 128 
Penning, 1 1 6 
-Nienhuis, 118 
pumping action of, 127 
radioactive, 136 
Redhead. 119 
Schulz and Phelps, 133 
semittvity of, lU 
very low pressure, 123 
Iihii efTecl, 97 

Kinetic theory, 2 
tverap m^ular \tIocity, 4. 19, 
24 

mean free path, 2 
pressure of a gas, 2 
rate of molecular Incidence, 5, 26, 
89 

Knudsen Tow, 149 

Lead m terminals, 165, 220 
Leak detection. 187 
eold-aihodc pttcr-Ion pump, 
72. 191 

cut-ofTtest, 188 

fora number of components, 199 
glow discharge, 188 
halogen, 194 
hood lest, 199 
mass spectrometer, 196 
palladium bamcr pup, 192 
Pirani pup, 190 
probe gas, 189 
soap solution, 

Tesla coil, 162.188 
vacuum systems, 192, 196 
Liquid air, 22, 43. 31 
helium. 43, 82 
hydrogen, 43, 82 
nitrogen, 22, 48, 51, 83 
leveller, 51 
Lusec. 191 
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Mass spectrometers, 89, 139 
magnetic deflection, 139 
omegatron, 143 
quadruple mass filter, 13^ 
use in leak detection, 196 
Mean free path (m.f.p.)> 2 
Mechanical booster pump, sec 
Roots pump 

Mechanical pump, backing with, 6 
carbon-bladed, 79 
characteristics of, 10, 16 
Gaede, 7 
gas-ballast, 14 
oil-sealed, 6, 7 
rotary vane, 7 
rotating plunger, 12 
two-stage, 10 
use of, 156 
Medium vacuum, 1 
Mercury, 246 
Mica, 247 
Microbar, 1 
Molecular density, 89 
drag pumps, 6, 53 
effusion, 149 
impact rate, 5, 26, 89 
pressures, 5, 149 
sieve materials, 47, 77 
Molybdenum, 65, 239, 248 
Movement of mechanism in vaci 


Pump fluids, 19, 30 
Pumping speed, 6, 155, 200 

Rhenium, 252 
Rhodium, 252 
Roots pump, 6, 29, 57 
characteristics of, 61 
operation of, 59 
Roughing line, 160 
Rubbers and elastomers, 252 

Schnorr washers, 175 
Silica, 254 
Silicone greases, 162 
oils, 34 
putty, 217 
varnishes, 218 
Silver, 255 
Sorption, 62, 71 
Sorption pumps, 6, 77, 79 
Speed factor, 26 
Sputtering, 64, 70, 255 
cathodic, 64, 70, 255 
reactive, 257 
Steels, 258 
stainless, 258 

Sticking coefficient, 64, 65 
Stopcocks, 163 

Sublimation pumps, see oetter 
pumps 


248 

Needle valve, 232 

Newton per square metre, 2, 88 

Nickel, 250 

Oil mist filter, 157 
Oil separator, 157 

Palladiiun, 251 

Partial pressure measurement, 138 
Pascal, 2 

Penning discharge, 68 
Permeation constant, 229 
Phosphorus pentoxide trap, 156 
Platinum, 251 
Poiseuille’s equation, 147 
Pressure, units of, 1 
Pump-downtime, 158 


rantalum, 65, 259 

Pesla coil, 162, 188 

rhermal conductivity gauges, luu 
Pirani type, 100, 102 
thermistor type, 105 
thermocouple type, 16, 101, 10/ 
Thermionic cathodes, 129, 130, 260 
emission, 260 
Thermoelectric cooling, 45 
Throughput, 147 

measurement of, 185, 20Z 
Titanium, 65, 68, 75, 235 

Tungsten, 65, 129, 260 
Turbo-molecular pump, 54 

Ultimate pressure, 10, 27, 56, 83, 
168, 178, 187 
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Ultimate pressure — cent. 
definition of, 31 
measurement of, 207 
UlUa-hish vacuum. 1, 16S 
problems in obtaining, 168 
systems. 32, 36, 168, 176, 179 
vahes, 170 

Vacuum coating plant, 262 
Vacuum, degrees of, 1 
deposition of \hm films, (A, 262 
lock. 249 
pipc-lmc, 165 
stose, 223 
s>stems, 79, 84, 160 
demountable with oil vapour 
pump, 163 

for gauge calibration, ISl 
gcltef»ion pump, 79, 179 
glass with mcrcuf) \-apour 
pump. 160 

liquid helium ciyopumped. 84 


ultra-high. 32,36, 168, 176, 179 
unions, 165 
Vahes, 163, 170. 173 
isolatiDn. 163 

magncitcally operated, 156, 173 
needle. 232 
Saunders, 163 
ultra high vacuum, 170 
Vapour pressures of liquids. 264 
of mercury, 32 
of water, 22, 264 
Vapour pumps, 6, 18 
theory of action of, 22 
see also Diffusion pumps and 
Ejector pumps 
Viscous flow, 28, 147 

Water -jcl pump, 6 
Waxes. 217 

Zirconium, 65. 235 



